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The moraic nasal /N/ in Japanese has been transcribed in multiple ways, but very few studies 
have examined its articulation. The nature of its assimilation has often been described in 
phonology, but again, very few articulatory investigations have been conducted. Also, while a 
first language (L1) effect on second language (L2) production has been discussed for some 
phonemes, there is no good research on the effect of Japanese /N/ on L2 English syllable-final 
nasals. This dissertation investigates the articulation of the moraic nasal /N/ in Japanese using an 
ultrasound articulatory imaging technique to assess 1) its place of articulation, 2) patterns of 
place assimilation to the following segment, and 3) the effect of L1 /N/ on L2 English syllable-
final nasal production. Eight native speakers of Japanese participated. Their productions of 
Japanese words and English words were analyzed acoustically and articulatorily. The results 
showed that the place of articulation for utterance-final /N/ following the vowel /a/ varied across 
native speakers of Japanese from alveolar to uvular, which is compatible with previous 
descriptions of /N/ in intervocalic position. Patterns of place assimilation of the moraic nasal to a 
following segment were not always categorical, and a gesture for the target of the moraic nasal, 




environments. This suggests that the assimilation takes place not only at the phonological level 
but also at the phonetic level, even if the assimilation is considered to be obligatory. An effect of 
L1 /N/ on the production of word-final nasals in L2 English was observed, although the degree 
of the effect varied across speakers. In conclusion, these findings enhance our understanding of 
the articulatory characteristics of the moraic nasal /N/ in Japanese, providing a firmer basis for 
phonological and phonetic arguments. The findings should also encourage further investigation 
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Chapter 1. Introduction 
 
Issues Concerning the Moraic Nasal /N/ in Japanese 
An utterance-final Japanese moraic nasal /N/ is commonly transcribed as a uvular nasal 
[ɴ] (Hattori, 1939-40; International Phonetic Association, 1999; Kawakami, 1977; Labrune, 
2012, p. 132; Maddieson, 2011; Naito, 1961) or velar nasal [ŋ] (Amanuma, Otsubo, & Mizutani, 
1978; Cohn, 1993; Sakuma, 1929), but very little articulatory research has been reported.  
Similarly, the nature of /N/ place assimilation in Japanese has often been described in 
phonology (e.g., Amanuma et al., 1978, p. 73; Nakajo, 1989, p. 66; Vance, 2008, p. 96, 
Kawakami, 1977; Labrune, 2012, p. 132-135), but very few articulatory studies have yet been 
conducted. 
A first language (L1) effect on second language (L2) production has often been discussed 
in connection with the L2 phonemic contrasts which are not in the L1 sound inventory (e.g., 
Flege, 1989; Herd, Jongman, & Sereno, 2013; Miyawaki et al., 1975). However, there are 
scarcely any reports on the effect of L1 /N/ on L2 English syllable-final nasal production. 
This dissertation investigates the articulation of the moraic nasal /N/ in Japanese using an 
ultrasound articulatory imaging technique to assess 1) its place of articulation, 2) its patterns of 
place assimilation to the following segment, and 3) the effect of L1 /N/ on L2 English syllable-
final nasal production. 
 
Place of Articulation of the Moraic Nasal in Japanese 
A mora is a timing unit recognized in a number of different languages, including 




coda (i.e., the first part of a geminate obstruent); each of these occupies a timing slot of one mora 
in an utterance. Within a CV mora, both C and V participate in (mora-driven) length contrasts. A 
mora timing unit does not correspond exactly to CV structure, and some single syllables, such as 
/CV:/ (a consonant and a long vowel) or /VN/ (a vowel and a nasal coda) count as two moras 
because of their duration. The nasal that occurs in coda position is called the moraic nasal, and it 
is an archiphoneme, distinct from the onset nasals /m/ and /n/. That is, the distinction between 
/m/ and /n/ is neutralized in coda position. The moraic nasal has been commonly transcribed 
phonetically as a uvular nasal [ɴ] in utterance-final position (Hattori, 1939-40; International 
Phonetic Association, 1999; Kawakami, 1977; Labrune, 2012, p. 132; Maddieson, 2011; Naito, 
1961). However, some researchers have claimed that it is a velar nasal [ŋ] (Amanuma, Otsubo, & 
Mizutani, 1978; Cohn, 1993; Sakuma, 1929), and some have argued that it depends on the 
previous vowel; for example, if /N/ follows /i/ or /e/, it becomes a velar nasal, and if it follows 
/a/, /o/, or /ɯ/, it becomes a uvular nasal (Saito, 2006; Uemura, 1978; Kokuritsu Kokugo 
Kenkyūjo [National Institute for Japanese Language and Linguistics; NINJAL], 1990). Although 
most researchers have regarded it as a uvular or velar nasal, no firm conclusion seems to have 
been drawn yet on the place of articulation of the moraic nasal. 
In spite of this ambiguity, very few studies have attempted to explore the articulation 
with direct measurements of the articulators. A few x-ray studies showed that the place of 
articulation of /N/ in isolation or in the utterance-final position ranges from the velum to the 
uvula (Nakano, 1969; Kokuritsu Kokugo Kenkyūjo [NINJAL], 1990), but these x-ray studies 
investigated only one subject each, and no quantitative measurements were taken. Yamane and 
Gick (2010) used an ultrasound articulatory imaging technique to assess if the Japanese moraic 




varied among six individuals from palatal to uvular. However, only one phonological 
environment, the intervocalic moraic nasal in /a-N-a/ (a hyphen indicates a mora boundary), was 
examined. Hashi et al. (2014) investigated the utterance-final moraic nasals in four different 
post-vocalic environments (/mi-ka-N/, /ki-ri-N/, /ʃi-N-bɯ-N/, and /ɸɯ-ɯ-se-N/) using an x-ray 
microbeam speech production database and found individual variabilities; in 75% of the 
observed utterances the moraic nasal was identified as a non-uvular sound. However, as Hashi et 
al. mentioned in their study, since it is hard to determine the place of closure/constriction from 
the x-ray microbeam data due to inaccessibility of the pellets on the posterior part of the tongue, 
the exact places of articulation were not reported other than just saying that they were not always 
uvular. 
The second chapter of this dissertation investigates the articulation of the moraic nasal in 
Japanese in various phonological environments, using the ultrasound imaging technique to 
determine the place of articulation. 
 
Gestural Behaviors of the Moraic Nasal in Assimilation  
Syllable-final nasal place assimilation to the following segment has been observed in 
many languages, including moraic nasal assimilation in Japanese. When the moraic nasal appears 
immediately before a stop consonant, it takes its place of articulation from the following segment 
(Amanuma et al., 1978, p. 73; Nakajo, 1989, p. 66; Vance, 2008, p. 96). When a moraic nasal is 
followed by a vowel or by a consonant other than a stop, it does not completely assimilate, but its 
place of articulation is significantly influenced by the following segment (Kawakami, 1977; 
Labrune, 2012, p. 132-135; Vance, 2008, p. 96). Also, when the following segment is a stop, the 




moraic nasal followed by a CV sequence consisting of a stop consonant and the high front vowel 
/i/ is realized as a palatalized /m/, /n/, or /ŋ/ corresponding to the stop consonant. Vance (2008) 
described these variable phonetic characteristics of the moraic nasal as “a chameleon to an 
English speaker” (p.101). 
Although Japanese moraic nasal place assimilation has often been discussed in 
phonology, it has not been discussed in the context of phonetics. Phonologically, as already 
noted above, the moraic nasal in assimilation is assumed to be completely replaced by the 
corresponding homorganic segment: i.e., a moraic nasal /N/ simply becomes a bilabial nasal [m] 
before a bilabial stop consonant (e.g., /hoNba/ [homba] ‘place of origin’), an alveolar nasal [n] 
before an alveolar stop consonant (e.g., /hoNda/ [honda] ‘a company name’), and a velar nasal 
[ŋ] before a velar stop consonant (e.g., /hoNɡa/ [hoŋɡa] ‘book.NOM’) (Uemura, 1978; Nakajo, 
1989; Saito, 2006; Vance, 2008, p. 96-100; Labrune, 2012, p. 132-135). Phonetically, on the 
other hand, the assimilation could be a more gradient process, as seen in other languages 
(English and Russian: Barry, 1985; Italian: Celata, Calamai, Ricci, & Bertini, 2013; English: 
Ellis & Hardcastle, 2002; English and German: Kühnert & Hoole, 2004; Korean: Kochetov & 
Pouplier, 2008; English: Nolan, 1992; English: Wright & Kerswill, 1989; English: Zsiga, 1995). 
However, there are variabilities in assimilation patterns depending on speech rate and/or style, 
the presence of a word boundary, the frequency of the word, and the sequence of segments 
involved as well as individual speakers, dialects/accents, and languages. 
Articulatory Phonology (AP: Browman & Goldstein, 1989, 1990), which treats 
articulatory gestures as phonological units, provides a conceptual model of place assimilation as 
resulting from gestural overlap. Articulatory gestures, (e.g., a lip closing gesture for labial 




gesture for nasal sounds, and a glottis opening gesture for voiced sounds) are, of course, 
physiologically linked to each other, but they can act independently to some extent, temporally 
as well as spatially, to achieve a target sound. The gestures can overlap and in the case of 
gestural overlap, the residual effect of the preceding gesture has been observed in articulatory 
studies (Barry, 1985; Wright & Kerswill, 1989; Browman & Goldstein, 1990; Nolan, 1992; 
Zsiga, 1995; Ellis & Hardcastle, 2002; Künhert & Hoole, 2004; Kochetov & Pouplier, 2008; 
Celata, Calamai, Ricci, & Bertini, 2013). 
Although gradient assimilation has been reported in several languages, as mentioned 
above, categorical assimilation has also been reported in other languages and/or under specific 
circumstances such as assimilation within a tautosyllabic consonant cluster (Russian: Barry, 
1985; Italian: Farnetani & Busà, 1994; English: Zsiga, 1995; English and Korean: Jun, 1996; 
Spanish: Honorof, 1999; Kochetov & Colantoni, 2011). Thus, the mechanism behind the patterns 
of assimilation is not yet fully understood, and there seems to be variability across languages and 
individual speakers. Therefore, further investigation into assimilation in different languages and 
different circumstances is necessary. 
As for the Japanese moraic nasal, it is not clear whether the process of place assimilation 
is categorical or gradient. Kawakami (1977) suggested that the articulation for the moraic nasal 
remains at the beginning of the sequence and gradually transitions into the articulation of the 
following segment, but there are not yet any direct articulatory measurements to support this 
suggestion. 
Acoustically, a moraic nasal and a following nasal consonant are realized as a long 
continuous nasal sound (Uchida, 1995). Vance (2008) describes /N/ combined with a following 




nasal and the following onset nasal (p. 100). Nakajo (1989) describes this from the opposite 
direction: if a nasal is made long enough, it is realized as two segments, which are /N/ and the 
following homorganic nasal (p.84). Thus, from an acoustic viewpoint, the allophone of /N/ 
before a stop consonant is considered to be the same sound as the corresponding homorganic 
nasal. The minimal pair /ki-ne-N/ (祈念, ‘a prayer’) and /ki-N-ne-N/ (近年, ‘recent year’) is 
differentiated by the length of the medial [n]. (In /ki-N-e-N/ (禁煙, ‘no smoking’), /N/ is 
followed by /e/ and is not realized as [n]). 
These acoustical or perceptual descriptions of nasal consonant clusters suggest that the 
assimilation is categorical, but it is still possible that two non-homorganic nasal consonants are 
there even if they are co-articulated. The information for the place of articulation of a nasal 
consonant is transmitted by the formant transitions from and to the adjacent vowels in 
conjunction with the nasal murmur (Kurowski & Blumstein, 1984; Recasens, 1983; Repp, 1986). 
In Japanese, /Nm/ and /Nn/ clusters only appear in intervocalic position. If the labial gesture for 
/m/ or alveolar gesture for /n/ starts at the beginning of the cluster, the transitions from the 
preceding vowel should take the form appropriate for /m/ or /n/, respectively, but the gesture for 
/N/ could remain at the posterior portion of the tongue. In that case, the nasal murmur would 
span two moras and the transition from /N/ to /m/ or /n/ would take place somewhere during the 
murmur. However, the place information in the nasal murmur alone might not be sufficient for 
listeners to identify /N/ without vowel transitions (Repp, 1986). The second nasal is perceived as 
/m/ or /n/ through the nasal murmur and the formant transitions to the following vowel. 
Consequently, /N/ in a nasal consonant cluster might not be perceived at all if the two consonants 
are co-articulated. Nevertheless, /N/ preceding a nasal is perceived as /N/ without a problem by 




lexical information. In short, the perceptual facts leave open the question of whether the 
assimilation pattern of /N/ is categorical or gradient. Detailed acoustical analysis of nasal 
consonant clusters seems necessary. 
The third chapter of this dissertation examines the tongue shapes of native speakers of 
Japanese by using ultrasound imaging to investigate whether moraic nasal assimilation is 
categorical, that is, whether /N/ is completely taken over by another segment, or the assimilation 
occurs gradually and a part of the /N/ gesture remains. In other words, the place constriction for 
/N/ may persist, at least at the beginning of the course of assimilation, as Kawakami (1977) 
proposed. 
 
L1 Effect of the Japanese Moraic Nasal on L2 English 
After discussing the articulatory characteristics of the Japanese moraic nasal, the 
articulation of English nasals by native speakers of Japanese is investigated to examine the first 
language (L1) effect on production in the second language (L2). L1 effects have often been 
reported in L2 studies. For example, adult L2 learners often have difficulty producing a foreign 
sound which is not on their L1 sound inventory. One of the best-known cases is the production of 
English liquids by native speakers of Japanese. There is no /l-r/ contrast in Japanese, and the 
closest sound in Japanese to English /r/ is an apico-alveolar tap [ɾ]. Therefore, native speakers of 
Japanese often substitute [ɾ] for both /l/ and /r/ in English, and this can cause problems in 
communication (Bradlow, Akahane-Yamada, Pisoni, & Tohkura, 1999; Mackain, Best, & 
Strange, 1981; Miyawaki et al., 1975; Strange & Dittmann, 1984). This kind of substitution of a 
similar L1 sound for an L2 sound is often categorized as a type of L1 transfer. 




does, but as already discussed above, this contrast is neutralized in the syllable-final position, 
and all the phonetic realizations of /N/ are treated as allophones of /N/. Thus, it is no wonder that 
L1 transfer is seen when L1 Japanese speakers produce syllable-final nasals in English. These 
nasals are usually replaced by /N/, realized according to the allophonic distribution for /N/ in 
Japanese. Perception studies have partially supported this kind of L1 transfer by investigating 
syllable-final English /m-n-ŋ/ discrimination in word-final position by L1 Japanese listeners. The 
/n-ŋ/ confusion was seen as predicted, but interestingly, no /m-n/ confusion was seen (Aoyama, 
2003; Ito, 2012). Aoyama and Ito concluded that /n/ and /ŋ/ might have been categorized as /N/ 
by Japanese listeners but that /m/ was categorized as /m/ or /mɯ/. Thus, it was suggested that the 
differences in phoneme inventories between learners’ L1 and L2 cannot predict all perceptual 
difficulties. However, it seems that no production studies have yet been conducted on this 
syllable-final /m-n-ŋ/ contrast, and such studies could provide more insight into the relation 
between L2 learners’ phonemic categories and their production. 
  
Research Questions and Hypotheses 
In sum, based on the literature mentioned above, this dissertation investigates the following 
research questions with regard to /N/: 
1. Where is the place of articulation? 
Hypothesis: a. There will be a target in the oral cavity and it will be consistent 
within individuals. 
b. The target will vary among individuals from alveolar to uvular. 
2. How does place assimilation to the following segment occur? 




 3. How does /N/ affect L2 English syllable-final nasal production? 
Hypothesis: Native speakers of Japanese will substitute /N/, using their L1 place of 
articulation, for English word-final nasal /n/ and /ŋ/. 
 
Articulatory Imaging Techniques 
A variety of articulatory imaging techniques have been utilized for speech studies, and 
appropriate techniques and equipment should be chosen according to the purpose of the study. In 
the Spanish nasal assimilation study mentioned above (Honorof, 1999), an electromagnetic 
midsagittal articulometer (EMMA) was used to investigate the assimilation of word-final nasal /n/ 
in Castilian Spanish. The movements of four points on the midline surface of the tongue were 
tracked by EMMA sensors while participants read stimuli aloud. However, there are some well-
known drawbacks to using EMMA as a means of collecting data. For example, investigators need 
to affix the transducer coils to the participant’s tongue, which takes some time before starting data 
collection. Also, the coils and associated wires may affect the participant’s natural speech; even 
though they are small, they are directly attached to the tongue and intervene between it and the 
hard palate. Moreover, the main problem is that EMMA only tracks some points on the tongue, 
primarily in the anterior portion. Measures of the tongue tip is not strictly doable, as EMMA 
sensors cannot be attached directly to the tongue apex because they interfere with production and 
tend to fall off, and thus, a true apical place of articulation cannot be measured. Even with a few 
sensors on the tongue dorsum, it is impossible to see the entire contour of the tongue surface. 
Honorof (1999) measured tongue tip constriction from the point near the tongue tip and the palate 
traced by the tongue tip coil, but it may not always have been possible to measure the maximum 




Another Spanish assimilation study also mentioned above (Kochetov & Colantoni, 2011) 
used electropalatography (EPG), which records tongue contact with the palate by using electrodes 
embedded within an artificial palate. However, an artificial palate may also affect a participant’s 
natural speech; furthermore, the artificial palate has to be custom-made for each participant, which 
requires additional time and expense. By using EPG, constrictions for alveolar consonants can 
clearly be seen as the tongue tip touches the artificial palate. However, because EPG cannot detect 
tongue movement without contact with the palate, it is hard to measure constrictions for a uvular 
consonant.  
Because the nasal under discussion in the current dissertation, /N/, is considered to be velar 
or uvular, ultrasound tongue imaging was chosen to assess posterior tongue movement. Of course, 
ultrasound imaging also has some drawbacks. For one thing, its visualization is dependent on the 
probe position and not relative to the palate, and therefore, the images obtained through ultrasound 
need to be aligned to a certain reference such as the hard palate when comparing the position of 
the tongue across frames.  Also, the tongue tip is not visible since it is tapered, and the hyoid 
shadow often hides the posterior part of the tongue. However, there are also positive reasons for 
using ultrasound imaging, such as reasonable cost, easy installation and setup, and less effect on a 
participant’s natural speech with a non-invasive device. 
 
Ultrasound Imaging Techniques and Analysis 
Ultrasound has been employed in many speech studies. Most ultrasound devices used in 
speech production studies can record video images at a sufficient frame rate to capture the 
movement of articulators during speech. Depending on the orientation of the ultrasound transmitter 




clarity of the image of the tongue depends on the individual’s oral structure, most parts of the 
tongue contour from the tip to root appear between the jaw and the hyoid bone and can be captured 
in the midsagittal image. 
A palate image can be obtained by recording a water swallow, during which the tongue 
approximates the palate and the water bolus, filling the gap between the tongue and palate, 
mediates the sound to the palatine bone, where it reflects back for the image (Stone, 2005). The 
tracked palate from a swallow trial can be inserted into a tongue image as a reference and used to 
examine a lingo-palatal constriction, provided that tongue image is corrected for probe 
displacement relative to the head. However, whether there is contact or not cannot be determined 
solely from ultrasound images, as the tongue tip and root are often imaged poorly. Also, when 
looking at the rear part of the vocal tract, the soft palate is likely to be displaced from the palate 
track trial, and therefore a constriction made by the tongue and the soft palate needs to be treated 
cautiously. 
The video frame rate used in this dissertation was 59.9 frames per second, which provided 
sufficient time-frames for the analysis of nasals. The ultrasound frame corresponding to the 
acoustic midpoint of the target segment is often used for analysis (e.g., Davidson, 2006; Noiray, 
Iskarous, & Whalen, 2014; Vazquez-Alvarez & Hewlett, 2007), while the frame showing the 
maximum constriction location by a visible detection of tongue motion is also used (e.g., Pouplier, 
2008). In this dissertation, if the maximum constriction could be identified visually, the ultrasound 
frames showing the maximum constriction location were chosen, and otherwise, the frames that 
match the acoustic recording and that show the midpoint were chosen for analysis. However, in 
Chapter 3, the ultrasound frames that match the acoustic midpoint were chosen for the target 




Ultrasound images must be aligned on a coordinate system in order to make comparisons 
of images from different frames, especially when tongue positions are under investigation. Some 
researchers have used a head and transducer stabilization system (HATS system; Stone, 2005), so 
that the collected ultrasound images always depict the same space in the mouth. Most head and 
transducer stabilized systems are, however, heavy and somewhat restrict a participant’s jaw 
movement. Whalen et al. (2005) developed the Haskins Optically Corrected Ultrasound System 
(HOCUS), which enables the adjustment of positions by using an optoelectronic motion 
measurement system (Optotrak Certus Motion Capture System: NDI, hereafter Optotrak). The 
head and transducer movements are tracked and corrected after the data collection with HOCUS, 
which allows participants to move reasonably freely and to speak more naturally. In the current 
dissertation, HOCUS was used to correct for head movement relative to the probe position in order 
to align all the ultrasound images from a speaker on a referential head space for that speaker. 
After collection, ultrasound data need to be transformed into a set of numbers indicating 
tongue position so that analysis can be carried out. Depending on the purpose of the study, a single 
point of the tongue (e.g., Noiray et al., 2014; Pouplier, 2008; Vazquez-Alvarez & Hewlett, 2007) 
or a tongue contour (e.g., Davidson, 2006; Parthasarathy, Stone, & Prince, 2005; Slud, Stone, 
Smith, & Goldstein, 2002) is often examined. The current dissertation investigated tongue contours 
to determine the overall differences in tongue shape across allophones. 
When investigating tongue contours, the quantification process consists of two parts: a) 
determining the tongue contour from the ultrasound images and b) quantifying the tongue contour 
data. Several computer software programs and techniques can be used to extract a tongue contour 
manually or semi-automatically from an ultrasound image: µ-tongue (Unser & Stone, 1992), 




current dissertation, up to 100 points for each tongue contour were extracted on an xy-coordinate 
plane by using a Matlab (The MathWorks) script, GetContours (Tiede, 2016). 
For statistical analysis, a smoothing spline ANOVA (SS ANOVA) (Gu, 2002) is one of the 
models used to determine whether the shapes of multiple curves differ significantly from one 
another (introduced to speech research by Davidson, 2006). According to Davidson (2006), 
smoothing splines in conjunction with Bayesian confidence intervals are an appropriate method to 
account for the variability in production when multiple repetitions of an utterance are collected. 
However, it must be kept in mind in doing comparisons that the points used for SS ANOVA, which 
are extracted from a tongue contour from one token, will not correspond to the points on the tongue 
contour from another token because the tongue lengths captured in the ultrasound images for 
repetitions are not consistent, due to differences in image clarity, especially around the tongue tip 
and root. 
This dissertation used averaged y-values aligned on x-values for statistics, as opposed to 
averaging points from the edge of the contours (see Figure 6 in Chapter 2). This made it possible 
to measure the tongue height at any given horizontal location within the oral space, since all the 
contours were corrected for each participant’s head space. It was crucial in this dissertation to 
measure the tongue height at a horizontal location, in other words, the tongue height relative to a 
speaker’s oral structure, including the hard palate. Such measurements make it possible to identify 
the place of articulation, that is, where the constriction is located made by the tongue and, in most 
cases, the palate. Thus, the contours extracted from the ultrasound images were analyzed with y-
values aligned on x-values in this dissertation. 
It needs to be noted, however, comparing only in the vertical dimension of a midsagittal 




off horizontal. Nonetheless, the two-dimensional tongue contour analyses done in this dissertation 
certainly provided reasonable and sufficient information about tongue postures for discussing 






Chapter 2. Place of Articulation of the Japanese Moraic Nasal 
 
Introduction 
Place of articulation of the Japanese moraic nasal.  
Language sounds have acoustic and articulatory features which enable speakers to make 
word distinctions. For example, /d/ and /t/ are categorized into two phonemes according to the 
acoustic property of voicing, /d/ and /b/ are categorized into two phonemes according to the 
articulatory property of place of articulation (PoA), namely alveolar or labial, and /d/ and /z/ are 
categorized into two phonemes according to the articulatory property of manner of articulation, 
namely stop or fricative. The articulatory properties, particularly the place and manner of 
articulation, of most linguistic sounds can be specified, even though there is some variation across 
individuals and across languages. Some phonemes, however, are still not well specified in terms 
of place and/or manner of articulation. For example, the phonetic realization of the Japanese 
moraic nasal /N/ in utterance-final position is commonly categorized as a uvular nasal [ɴ] 
(Akamatsu, 1997, [Figure 2.a]; Hattori, 1939-40; International Phonetic Association, 1999; 
Kawakami, 1977; Labrune, 2012, p. 132; Maddieson, 2011; Naito, 1961, p. 118), but some 
researchers have argued that it is a velar nasal [ŋ] (Amanuma, Otsubo, & Mizutani, 1978; Cohn, 
1993; Sakuma, 1929), while others claim that it is velar or uvular depending on the previous vowel 
(Saito, 2006; Uemura, 1978; Kokuritsu Kokugo Kenkyūjo [NINJAL], 1990). These varying 
observations might have come from articulatory variability among speakers and/or within speakers, 
but both across speakers and within speakers it is not clear to what extent the moraic nasal in 





Nonetheless, a few articulatory analyses have provided some evidence. An x-ray 
photographic study revealed that the tongue dorsum touches the velum and uvula in productions 
of /N/ by one speaker (Nakano, 1969, p. 220 [Figure 1.a]). Another x-ray study showed the 
articulation of [a] (broken line) and [ɴ] (solid line) in /aN/ in utterance-final position for one 
speaker (Kokuritsu Kokugo Kenkyūjo [NINJAL], 1990, p. 290 [Figure 1.b]). The closure between 
the tongue dorsum and the uvula is not seen in the figure due to the x-ray image quality, which did 
not allow tracing the entire uvula. However, the dorso-uvular closure was confirmed by an analysis 






a.  b.  
Figure 1. a. x-ray photograph trace showing /N/ (Nakano, 1969, p. 220). b. x-ray photograph trace 
showing [aɴ] (Kokuritsu Kokugo Kenkyūjo [NINJAL], 1990, p. 290). 
 
/N/ is produced as a uvular by the two speakers in Figure 1, but individual speaker 
variability has been reported in an ultrasound imaging study: the location of the tongue contour 
peak for /N/ ranges from palatal to uvular in six native speakers of Japanese for the intervocalic 
/N/ in /aNa/ (Yamane and Gick, 2010). Their study compared the peak locations of the tongue 
contours for /N/ with those for /k/ and /h/, and found that two speakers had the peak location for 
/N/ more anterior than both /k/ and /h/, two had it identical to /k/, one had it between /k/ and /h/, 
and one had it identical to /h/. It should be noted, however, that the location of a tongue contour 
peak is not always the constriction location, especially when the constriction is at the edge of the 
tongue curve, either far to the front or far to the back. 
Utterance-final /N/, where the smallest phonological effect is expected, has also been 
evaluated by x-ray microbeam tracking (Hashi et. al., 2014). Speaker variability was found, with 
realizations ranging from alveolar to uvular in ten native speakers of Japanese. However, the PoAs 
reported in this study were estimations from the four pellets attached to the tongue, and the exact 




The primary aim of this chapter is to investigate the place of articulation of the Japanese 
moraic nasal /N/ in utterance-final position, /N#/ (where # indicates the end of utterance), using an 
ultrasound imaging technique to find whether the place of articulation is uvular, velar, or 
something else, and to find whether there is individual variability. 
 
Tongue configurations for the uvular nasal. 
As noted above, the moraic nasal in Japanese is most commonly transcribed as a uvular 
nasal [ɴ]. Examples of articulatory images for [ɴ] are compiled in Figure 2. Figure 2.a is a diagram 
showing the articulation of [ɴ] in Japanese (Akamatsu, 1997, p. 133), demonstrating that the 
tongue is flat and touches the uvula. Figure 2.b is an MRI image showing [ɴ] in [aɴ] in utterance-
final position (Lawson et. al., 2015), in which the tongue dorsum rises towards the uvula and 
touches it. Figure 2.c is an ultrasound image showing [ɴ] in [aɴ] in utterance-final position 
produced by the same speaker as in the Figure 2.b (Lawson et. al., 2015), in which the tongue 
dorsum rises toward the uvula. Figure 2.d is an ultrasound image showing [ɴ] in [aɴ] in utterance-
final position produced by a different speaker (Lawson et. al., 2015), and the tongue in Figure 2.d 
looks flat. 
Comparing Figure 1 with Figure 2, the tongue configurations for [ɴ] could be categorized 
into a. flat (Figure 1.b, Figure 2.a and Figure 2.d) and b. raised dorsum (Figure 1.a, Figure 2.b, and 
Figure 2.c). Although not many articulatory imaging samples have been collected in previous work, 
it is predicted that there are at least two categories of tongue configuration for achieving a closure 





a.  b.  
c.  
   posterior                                       anterior 
d.  
   posterior                                       anterior 
Figure 2. a. illustration of the articulatory gesture of [ɴ] (Akamatsu, 1997, p. 133), b. MRI image 
showing [ɴ] in /aɴ#/ (Lawson et. al., 2015, brightness and contrast were enhanced by the author), 
c. ultrasound image showing [ɴ] in /aɴ#/ (Lawson et. al., 2015, brightness and contrast were 
enhanced by the author), d. ultrasound image showing [ɴ] in /aɴ#/ (Lawson et. al., 2015, brightness 
and contrast were enhanced by the author). b and c are the same speaker. 
 
Akamatsu (1997) (see Figure 2.a) explains that the uvular constriction for Japanese /N/ 
before a pause might be congruous with a rest posture. Arisaka (1940, p. 84) claimed that, in the 
neutral state, the soft palate is lowered for breathing through the nasal cavity and the tongue is in 
light contact with the palate (presumably both the hard palate and the soft palate). If /N/ is 
articulated with a flat tongue posture as shown in Figure 1.b, Figure 2.a, and Figure 2.d, it could 
be congruous with the rest posture, but if it is articulated with a raised dorsum posture as shown in 
Figure 1.a, Figure 2.b, and Figure 2.c, it is obviously different from the rest posture. The tongue 




posture as a uvular nasal in the experiment in this chapter.   
 
Presence of closure. 
The presence of closure for /N/ has been an open and debated question among researchers.  
Some have expressed doubt about a complete oral closure for utterance-final /N/ (Kawakami, 
1977; Uemura, 1978; Akamatsu, 1997; Labrune, 2012, p. 132), while others suggest that its default 
aperture is a complete oral closure (Sakuma, 1929; Vance, 2008, p. 102). 
Although the ultrasound imaging settings in this study were not designed to directly 
observe a linguo-palatal closure, as explained in Chapter 1, the presence of closure in /N/ without 
assimilation will be discussed in this chapter when corroborative evidence of closure is available. 
 
Acoustic characteristics of nasal consonants. 
The acoustic characteristics of nasal consonants are known to be more complicated for 
speech analysis than those of oral consonants due to the involvement of the nasal cavities. When 
a nasal consonant is produced, air flows out only from the nostrils because of the closure in the 
oral cavity (for example, the lip closure for [m]). In such a case, the closed oral cavity acts as a 
side-branch in relation to the main branch through the nasal cavities, which causes anti-resonances 
or zeros that interact with the resonances. Even when the closure is made at the uvula (that is, when 
the nasal cavity can be assumed to be a single tube without an oral side-tube), the nasal sinuses act 
as side-tubes and cause anti-resonances (Dang, Honda, & Suzuki, 1994; Johnson, 2012, p. 187-
193). In addition to the complexity of the nasal formants, it is difficult to measure nasal formants 
as accurately as oral formants because overall nasal resonance frequencies are low due to not only 




by the mid-1980s, it seems to have been concluded that it is quite difficult to identify consistent 
acoustic parameters and frequencies in nasal consonants that can be generalized across speakers 
(Gubrynowicz, Le Guennec, & Mercier, 1985; Kurowski & Blumstein, 1984, 1993). A large-scale 
study conducted recently has supported this notion by investigating approximately 7,000 tokens 
by 21 speakers of nasal consonants with six places of articulation in three different Central 
Australian languages (Tabain, Butcher, Breen, & Beare, 2016). Nonetheless, a number of acoustic 
analyses were conducted to examine the acoustic characteristics of nasal consonants, and Recasens 
(1983) summarized the results in regard to the following acoustic properties: spectral traits of nasal 
murmurs, systematic differences in spectral parameters in nasal murmurs relevant to the place of 
articulation of nasal consonants, and characteristics of formant transitions in the adjacent vowels.  
  First, distinctive spectral traits of nasal murmurs are a low first formant (N1) at 250-300 
Hz, an anti-formant (NZ) varying in frequency with place of articulation, and a set of weak 
formants (N2, N3, N4,…) at 300-4000 Hz (Delattre, 1958; Fujimura, 1962).  
By analyzing these traits of nasal murmurs, systematic differences relevant to the place of 
articulation of nasal consonants were found: N1 and NZ frequency values are the highest for [ŋ] 
and lower for [ɲ], [n], and [m] in that order, and N1 bandwidth values are higher for [ŋ] than the 
other nasals, [ɲ], [n], and [m] (Czech and German: Romportl, 1973, English: Fujimura, 1962, 
Hungarian: Magdics, 1969 , Polish: Dukiewicz, 1967, Russian: Fant, 1960, and Swedish: Fant, 
1973). This overview by Recasens (1983) was generally corroborated by nasals in Australian 
languages, with a few exceptions: [ɲ] showed as low an N1 as [m] and the greatest N1 bandwidth 
(Tabain et al., 2016). 
Second, just as it has been observed for oral consonants that formant transitions in adjacent 




Hoffman, & Griffith, 1957; Miyawaki et al., 1975; O’Connor, Gerstman, Liberman, Delattre, & 
Cooper, 1957), it has been reported that formant transitions play an important role in perception 
of nasal consonants as well. The characteristics of the formant transitions in the vowel [a] 
immediately preceding a nasal consonant were: (1) F1 transitions consistently fall more for [ɲ] 
than for [m], [n], and [ŋ]; (2) F2 transitions consistently rise (by 500-1000 Hz) for [ɲ], are rising 
or flat for [n], are slightly rising, falling, or flat for [ŋ]; and are consistently falling (by 50-500 Hz) 
for [m]; and (3) F3 transitions are generally falling for [m], [n], [ŋ], and rising for [ɲ] (Hungarian: 
Magdics, 1969, Italian: Vagges, Ferrero, Caldognetto, & Lavagnoli, 1978, Polish: Dukiewicz, 
1967, and Russian: Fant, 1960). 
These acoustic characteristics could be useful in analyzing the place of articulation of a 
nasal sound, although analyses of uvular nasals seem to be scarce in the literature. 
In analyzing acoustic characteristics of nasal consonants, it seems necessary to take into 
account both nasal murmur and vowel transitions because it has been shown that listeners seem to 
integrate the acoustic characteristics of nasal murmur and formant transitions to perceive the place 
of articulation (Kurowski & Blumstein, 1984; Recasens, 1983; Repp, 1986).  
 For the purpose of the current chapter, which is to identify the place of articulation of /N/, 
measurements were made for N1 in the target nasals and for F2 in the preceding vowels, 
immediately before the nasal onset. These measurements were used to support the articulatory 
analysis. Both these measures were considered to contain information for the place of articulation 
of nasals and to lead to fewer measurement errors than N2, N3, N4, NZ, or vowel formant 






The experiment took place in the Speech Production, Acoustics and Perception Laboratory 
at the Graduate Center, the City University of New York. 
Ten native speakers of Japanese (6 females, 4 males) participated in the experiment.  They 
were recruited by the author via an e-mail advertisement, approved by the CUNY IRB, and they 
were compensated for their participation in the study. The participants ranged in age from 20 to 
45, had no history of neurological or speech/hearing impairment, and had corrected-to-normal 
vision. Language background information about the participants was collected by means of a 
questionnaire. Two female participants were excluded from the analysis: one had early exposure 
to English (8-10 years old), and one spoke Aichi dialect. As a result, the data used in the analysis 
were from eight participants (4 females, 4 males), who did not have early exposure to languages 
other than Japanese, and who were from prefectures in Kanto area, including Tokyo (JM01 and 
JM04), Chiba (JF03 and JM02), Saitama (JF02 and JM03), Kanagawa (JF07), and Ibaraki (JF04).1  
Participants read aloud ten repetitions of seven target words with a moraic nasal (words 
containing /aNCa/, /aNa/, /aNaN/, or /ɯN/) and six control words without a moraic nasal (words 
containing /aCa/ or /aa/). The words were shown one at a time in Japanese orthography (hiragana), 
using Microsoft PowerPoint on a computer screen positioned approximately one meter away from 
the participants. The 13 words were presented in five different random orders, resulting in a 
sequence of 65 items. The sequence was presented once, and then the same sequence was repeated 
after a small break, yielding 10 repetitions of each stimulus word. The participants were told that 
                                                 
1 Ibaraki is in the Kanto region but is not considered part of the Tokyo area in most language 





the recording was not going to be timed and that they should maintain their own pace, although 
the stimulus slides were forwarded by an experimenter with a remote controller. When a 
participant made a mistake (as judged immediately by the experimenter), s/he was instructed to 
repeat the word. Table 1 shows all the stimuli used in this experiment. 
 
Table 1. Stimuli: 7 Words with and 6 Words without a Moraic Nasal 
  With N Without N 
N + bilabial あんば /aNba/ [amba] ‘pommel horse’ あばた /abata/ [abata] ‘pockmark’ 
N + bilabial (nasal) あんま /aNma/ [amma] ‘massage’ あまた /amata/ [amata] ‘many’ 
N + alveolar あんだ /aNda/ [anda] ‘a hit’ はだか /hadaka/ [hadaka] ‘naked’ 
N + alveolar (nasal) あんな /aNna/ [anna] ‘like that’ あなた /anata/ [anata] ‘you’ 
N + velar あんが /aNɡa/ [aŋɡa] ‘lay down’ はがた /haɡata/ [haɡata] ‘teeth mark’ 
N + V/ V+N# 
かんあん /kaNaN/ [kaɰ̃aɴ] 
‘consideration’ 
おばあさん /obaasaN/ [obaːsaɴ] 
‘grandmother’ 
V+N# うん /ɯN/ [ɯɴ] ‘luck’ N/A 
 
The audio signal was digitally recorded monaurally at 44,100 Hz, 16-bit resolution, using 
a directional Sennheiser microphone on a microphone stand positioned approximately 15 
centimeters from the participant’s lips. The audio signal was split into the video card (Osprey-
820e) recording US images, and the Optotrak Data Acquisition Unit (ODAU; NDI). 
 Real-time mid-sagittal images of the oral cavity were recorded with an ultrasound system 
(Ultrasonix; SonixTouch) using 2D imaging (B-mode). The center frequency of the ultrasound 
transducer was set to 6.5 MHz with a viewing angle of 104° (the sector was set to 70% of the 
maximum angle of the transducer, 148°). The imaging depth was set to eight centimeters. 




sufficient temporal resolution for the analysis of the nasals. The ultrasound images and the audio 
signal were recorded simultaneously using vMix (x64) software through the video card (Osprey-
820e) on a computer. A microconvex ultrasound transducer (C9-5/10) was placed under the 
participants’ chin with a spring-loaded transducer holder mold for an adjustable metal arm for this 
transducer fixed to a weighted customized pedestal, and its position as well as the participants’ 
chair height were adjusted to capture the entire tongue surface from the jaw shadow to the shadow 
of the hyoid bone, while the participants felt comfortable enough to speak naturally. The 
participants were instructed and allowed to adjust their position whenever it was necessary during 
the recording session. The left panel of Figure 3 shows a schematic illustration of ultrasound mid-
sagittal tongue surface imaging. The dotted lines show the ultrasound emitted from the ultrasound 
transducer. The palate is visible on the ultrasound machine screen only when water fills the space 
between the tongue and palate. The right panel of Figure 3 is a sample ultrasound machine screen 





     
Figure 3. Left: Schematic illustration of an ultrasound mid-sagittal tongue surface imaging. The 
dotted lines show the ultrasound emitted from the ultrasound transducer. The palate appeared on 
the ultrasound machine screen only when water filled in the space between the tongue and palate. 
Right: Ultrasound machine screen showing the tongue surface, immediately below the intense 
white stripe. 
 
Four small infrared emitting diodes (IREDs) were attached to each participant’s forehead 
(one on the nasion, one between the eyebrows, one at the center of the forehead, and one at 
approximately 1.5 centimeters above the right eyebrow). Two IREDs were attached to the lips, 
one immediately above the upper lip and one below the lower lip along the midsagittal line. Four 
IREDs were attached to the transducer to track the head, lips and transducer movements using the 
Optotrak camera positioned approximately 1.7 meters away from the participants. Figure 4 shows 
a typical placement of the IREDs. The lip IREDs came off for three speakers during the trials, and 





Figure 4. Placement of IREDs for capturing head and transducer motion. 
 
The first three experimental trials were for HOCUS calibration (Whalen et al., 2005; 
Noiray, Iskarous, & Whalen, 2014). First, the speaker’s occlusal plane in a three-dimensional 
space was determined by recording the position of the four IREDs on the speaker’s head and four 
IREDs on an acrylic triangle clenched between her/his teeth. The occlusal plane was used as a 
reference plane to correct for pitch rotation of the head (the type of movement in nodding, which 
results in rotation of the midsagittal oral structure on ultrasound images) (Westbury, Lindstrom, & 
McClean, 2002). The second trial was for measuring the speaker’s head and transducer positions 
in a steady state as a reference, which was used to correct the horizontal and vertical displacements. 
Participants were instructed to place their chin on the transducer and to clench their teeth not too 
tightly during this trial. The rest position of the tongue was also measured during this trial. The 
third trial was for measuring the speaker’s palate structure while s/he pressed a water bolus against 
her/his palate, which allowed ultrasound to travel up to the palate and to reflect on the screen. After 
these three calibration trials, participants were instructed to read aloud the stimuli on the computer 
screen. The Optotrak camera, IREDs, and ODAU were controlled by using NDI First Principles 






The midpoint of each target segment from the audio recording was measured by visual 
detection of the changes in formant values and the periodical patterns in the waveform using Praat 
software (Boersma & Weenink, 2016). For tracing the tongue edges in the articulation of the target 
segment, the ultrasound frames that matched the acoustic midpoint were chosen for the analysis. 
If the midpoint frame image was not clear enough, then a frame plus or minus one frame from the 
midpoint was chosen. If no images around the midpoint were clear enough, the tokens were not 
included for analysis. For /d/ and /ɡ/, which were used as references for the oral target, if the 
midpoint frame did not show the maximum constriction, then the maximum constriction frame, 
which was the frame before the tongue movement vector changed, was chosen. In order to measure 
tongue shape and placement in its rest position for comparison, ten frames were randomly chosen 
from the second calibration trial during which the participants stayed still with their mouth closed 
and with their chin on the ultrasound transducer. For tracing the palate, three to four frames which 
clearly showed a reasonably large part of the palate were chosen from the water bolus trials. 
The tongue and palate edge contours were detected by GetContours (Tiede, 2016) and 
extracted to 100 points on an xy-coordinate for each frame. The extracted tongue and palate 
contours were computationally aligned in a head coordinate space for each participant by HOCUS 
(Whalen et al., 2005) so that the positions of the tongue contours across the trials can be compared 
in the coordinate space. The effect of HOCUS can be seen in Figure 5, which shows the tongue 
contours for ten repetitions of utterance-final /N/ in the stimulus word /kaNaN/ by one participant 
before and after HOCUS. The x-axis and y-axis show the horizontal and vertical location of the 
tongue contours respectively. The origin (zero) shows an arbitrary location determined for each 





Figure 5. Tongue contours at the midpoint of utterance-final /N/ in /kaNaN/ by a speaker JF03 
before (left) and after (right) the HOCUS correction. 10 repetitions are plotted in each panel. 
 
After the HOCUS correction, the tongue contours for repetitions were averaged for each 
stimulus for each speaker. Specifically, the y-values were averaged along a perpendicular line 
(example points averaged together are marked with “x” in Figure 6). The first points of the 
contours, marked as dots in Figure 6, were not aligned on the same perpendicular line because the 
contours differ from each other in length. Thus, they should not be averaged together, and the same 
is true for the rest of the extracted 100 points. Thus, the 100 points were further interpolated across 
every pixel point on the screen, which resulted in roughly 200 to 300 points depending on tongue 
length. 2 As a result, the y-values of all the contours were aligned on an x-value vector of all the 
pixels. Then the pixel values were converted to millimeters. The tongue contours for repetitions of 
each stimulus were averaged in y-values by every pixel (about 0.3 mm). The edge of the contour 
was trimmed if the number of contours was less than four. The averaged tongue contours were 
plotted with error bars at every ten pixels (about 3 mm) showing the 95% confidence intervals.  
                                                 





Figure 6. Example tongue contours at the midpoint of utterance-final /N/ in /kaNaN/ by a speaker 
JF03. Dots show the first points of each contour and crosses show the points on the x=20 line of 
each contour. A black contour shows the palate trace. 
 
To analyze the trajectory of the tongue movement, the tongue contours from the midpoint 
of the preceding vowel /a/ to the end of the target consonant were also plotted when further 
investigation was needed to identify the place of articulation (PoA). 
The PoA for each speaker was determined basically by constriction location (CL), which 
is the horizontal location (x-value) of the point on the tongue closest to the palate,3 and constriction 
degree (CD), which is the Euclidean distance between the palate and tongue at CL. Recall that the 
uvula may raise relative to its rest position, making distances in the uvular region less reliable. 
Within each speaker, CL and CD for /N#/ were compared with those for /d/, /ɡ/, and /a:/ without a 
preceding moraic nasal and compared with those in the rest position with a one-way ANOVA 
followed by a Tukey HSD post-hoc test. The horizontal location of the highest point (the x-value 
at the maximum y-value) and the vertical location of the highest point of the tongue (the maximum 
y-value) were also measured and used in the analysis with a one-way ANOVA and Tukey HSD 
                                                 
3 CL is determined as a hindmost point if there are multiple points that have the minimum 




post-hoc test as supplementary information. In addition, all the tongue locations and shapes drawn 
in the figures as well as plots for repetitions and plots from the preceding vowel to the target 
consonant were taken into account in determining the PoA. 
 Additionally, lip apertures were calculated as the Euclidean distance between the upper 
and lower lips for the five speakers whose lip IREDs stayed in place throughout the trials. 
 
Acoustic analysis. 
 The acoustic analysis was conducted on the audio files extracted from the ultrasound video 
files. It needs to be noted that since audio and ultrasound recording have to be performed 
simultaneously in the same experimental room, it was possible that some noise from the ultrasound 
device was also recorded, which might cause some errors in formant measurements. Therefore, 
although the acoustic analysis was utilized as supplemental information for the articulatory 
analysis, the results were not treated as definite acoustic properties of the target sounds. 
The low first formant (N1) at the midpoint of the murmur of the target nasal and the second 
formant (F2) in the preceding vowel at 15 ms prior to the nasal onset were measured using Praat 
(Boersma & Weenink, 2016). The onset of nasal murmur was identified as the offset of the vowel, 
indicated in the waveform by decreased amplitude, and the offset of nasal murmur was identified 






Figure 7. Nasal murmur measured in utterance /N#/ in /kaNaN/. 
 
The mean values of N1 and F2 for /N#/ were compared with those for the other nasal 
consonants, /m/, /n/, and /Nɡ/4 using a one-way ANOVA followed by a Tukey HSD post-hoc test. 





Table 2 shows the mean, SD, median, and IQR of N1 frequencies in nasal murmurs of /N#/, 
/m/, /n/, and /Nɡ/. An asterisk next to a mean for /m/, /n/, or /Nɡ/ indicates a significant difference 
(p < .05) from /N#/, as determined by a Tukey HSD post-hoc test conducted after a one-way 
ANOVA for each speaker. As explained in the Introduction, in general, N1 is high if the PoA is in 
the back, and low if it is in the front (Recasens, 1983). For most speakers, the order of N1 
frequencies seemed to follow the general pattern, but some individual variations were also seen, 
which will be discussed individually in the Articulatory analysis section. 
                                                 
4 /Nɡ/ represents the Japanese moraic nasal /N/ and a following /ɡ/ regardless of /N/ assimilation, 




Table 2. Mean, SD, median, and IQR of N1 Frequencies in Nasal Murmurs and Tukey Test Results 
  N# m n Nɡ 
JF02 N 10 10 10 10 
 Mean N1 367 297* 277* 278* 
 SD 52 21 25 17 
 Median 359 291 275 280 
 IQR 95 19 25 21 
JF03 N 10 10 10 10 
 Mean N1 282 253 265 271 
 SD 58 16 19 25 
 Median 280 250 262 270 
 IQR 52 30 24 33 
JF04 N 10 10 10 10 
 Mean N1 312 314 383* 406* 
 SD 26 26 35 102 
 Median 314 322 389 399 
 IQR 37 40 54 193 
JF07 N 10 10 10 10 
 Mean N1 311 287 307 300 
 SD 44 33 77 30 
 Median 299 290 339 298 
 IQR 80 51 84 46 
JM01 N 10 10 10 10 
 Mean N1 428 340* 385 400 
 SD 61 16 24 53 
 Median 420 341 395 414 
 IQR 113 27 36 83 
JM02 N 10 10 10 10 
 Mean N1 322 246* 293 309 
 SD 68 6 28 47 
 Median 303 246 293 288 
 IQR 71 6 47 86 
JM03 N 10 10 10 10 
 Mean N1 307 243* 293 266* 
 SD 16 5 20 7 
 Median 303 242 285 267 
 IQR 28 9 32 11 
JM04 N 10 10 10 10 
 Mean N1 512 342* 439 511 
 SD 155 171 63 98 
 Median 587 288 420 519 




Table 3 shows the mean, SD, median, and IQR of F2 frequencies in the preceding vowel 
at 15 ms prior to the nasal murmur onset of /N#/, /m/, /n/, and /Nɡ/. Significant differences (p 
< .05) in the mean values of F2 for /m/, /n/, /Nɡ/ against /N#/ are marked with an asterisk next to 
the mean, which are indicated by a Tukey HSD post-hoc test conducted after a one-way ANOVA 
for each speaker. As introduced in Introduction, in general, F2 is high for /n/ as a result of formant 
raising, intermediate for /ŋ/ as a result of the flat formant transition, and low for /m/ as a result of 
formant falling (Recasens, 1983). In most speakers, the order of F2 frequencies seemed to follow 
the general pattern, but some individual variations were also seen, which will be discussed 








Table 3. Mean Frequencies of F2 in the Preceding Vowels and Tukey Test Results 
  N# m n Nɡ 
JF02 N 10 10 10 10 
 Mean F2 1420 1419 1739* 1449 
 SD 109 67 48 49 
 Median 1385 1394 1732 1435 
 IQR 168 125 56 82 
JF03 N 10 10 10 10 
 Mean F2 1412 1351 1777* 1411 
 SD 133 54 68 112 
 Median 1427 1359 1772 1388 
 IQR 107 110 67 98 
JF04 N 10 10 10 10 
 Mean F2 1312 1201 1425 1407 
 SD 225 32 92 377 
 Median 1281 1197 1446 1251 
 IQR 329 54 170 340 
JF07 N 10 10 10 10 
 Mean F2 1565 1382* 1720* 1530 
 SD 89 41 54 142 
 Median 1518 1380 1729 1559 
 IQR 150 54 60 177 
JM01 N 10 10 10 10 
 Mean F2 1262 1140 1401 1595* 
 SD 195 84 40 462 
 Median 1227 1177 1396 1563 
 IQR 36 136 79 849 
JM02 N 10 10 10 10 
 Mean F2 1836 1159* 1550 1777 
 SD 286 376 130 357 
 Median 1900 1059 1558 1852 
 IQR 93 340 174 364 
JM03 N 10 10 10 10 
 Mean F2 1257 1140 1282 1248 
 SD 49 214 38 37 
 Median 1259 1060 1285 1255 
 IQR 96 223 42 57 
JM04 N 10 10 10 10 
 Mean F2 1130 1128 1466* 1176 
 SD 61 70 51 76 
 Median 1126 1135 1463 1180 




 The results of the N1 and F2 frequency analyses above showed some characteristics of 
each speaker’s nasal consonants, although N1 and F2 alone are not sufficient to identify the exact 
place of articulation of /N#/ for each speaker. The N1 and F2 results allow the following inferences 
for each speaker. For the speaker JF02, the PoA of /N#/ seems more posterior than those of the 
other nasal consonants (Table 2); for JF03, the PoA of /N#/ seems different from that of /n/ (Table 
3); for JF04, the PoA of /N#/ seems to more anterior than those of /Nɡ/ and /n/ (Table 2); for JF07, 
the PoA of /N#/ seems different from that of /n/ (Table 3); for JM01, the PoA of /N#/ seems more 
posterior than that of /m/ (Table 2) and different from that of /Nɡ/ (Table 3); for JM02, the PoA of 
/N#/ seems more posterior than that of /m/ (Table 2); for JM03, the PoA of /N#/ seems more 
posterior than those of /m/ and /Nɡ/ (Table 2); and for JM04, the PoA of /N#/ seems more posterior 
than that of /m/ (Table 2) and different from /n/ (Table 3). These results will be discussed again in 
connection with the articulatory analysis. 
 
Articulatory analysis. 
Figures 8, 9, 10, 12, 13, 15, 16, and 18 show individual results for the eight speakers, in 
which averaged tongue contours for /N#/ are compared to those for /d/, /ɡ/, /a:/ and the rest position. 
Error bars show the 95% confidence interval. A gray line above the tongue contours shows the 
averaged palate contour. Triangles show the CL (the closest point to the palate) of the averaged 
contours. Tables 4-11 show the mean values of CL and CD for /N#/, /d/, /ɡ/, /a:/, and the rest 
position. Significant differences (p < .05) in CL and CD between /N#/ and /d/, /ɡ/, /a:/, and the rest 
position are marked with asterisks next to those mean. Significance was determined by a Tukey 
HSD post-hoc test conducted after a one-way ANOVA for each speaker. Based on the results 




Japanese can be categorized as follows: three speakers (JF02, JF03, and JM01) used a uvular 
constriction, one (JF07) used a velar to uvular constriction, one (JF04) used a velar constriction, 
one (JM03) used an alveolar constriction, and two (JM02 and JM04) might not have had an oral 
target, although there is a possibility of a uvular constriction for both of these last two speakers.  
 
JF02. 
For JF02, the tongue shape for /N#/ was similar to that for /ɡ/, although /ɡ/ was slightly 
higher than /N#/ (Figure 8). A one-way ANOVA showed significant differences in CL among the 
phonemes, F(4, 42) = 43.33, p < .001, and a post-hoc Tukey test showed that the mean CL for /N#/ 
was significantly different from /d/ and from the rest position, but not from /ɡ/ and /a:/ (Table 4). 
This suggests that the constriction for /N#/ in this speaker was made by the rear part of the tongue 
and was somewhere from the velum to the pharynx. If the constriction is made below the velum 
toward the pharynx, the constriction would have to be incomplete for nasal airflow to occur, and 
the result would be a nasal approximant or nasalized vowel depending on the degree of constriction. 
Alternatively, this speaker may have lowered her velum more, not moving her tongue, and 
achieved a complete closure between the rear part of the tongue and somewhere from the velum 
to the uvula. 
The SD of CL for /N#/ (5.77) was larger than that for /ɡ/ (4.83) and much larger than that 
for the occlusion formed by the apex for /d/ (1.29) (Table 4). This relatively large SD of CL for 
/N#/ might arise from the degree of contact between the lowered velum and tongue dorsum. 
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 42) 
= 40.59, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 




(Table 4). This suggests that /N#/ had a constriction degree similar to /ɡ/, which was 2.77 mm 
wider on average than the CD for /ɡ/ and 5.24 mm narrower on average than the CD for /a:/. It 
needs to be noted, however, that velum lowering could not be captured during the utterance of 
/N#/, and it is not used for computing the CD. Thus, the velum lowering accounts for the larger 
CD observed for /N#/ than for /ɡ/, whose CD should be zero. It is nonetheless interesting to see 
that the tongue dorsum was raised to meet the lowered velum. 
In sum, CL for /N#/ was located in the area from the velum to pharynx, and CD was 
different from /a:/. Considering that the N1 acoustic analysis showed that the PoA of /N#/ was 
more posterior than that of any the other nasal consonants, including /Nɡ/ (Table 2), the PoA of 
/N#/ for this speaker could be the uvula. 
Comparing the tongue posture for /N#/ with that for the rest position, the posterior portion 





a      b  
c      d  
Figure 8. Averaged tongue contours in speaker JF02 for /N#/ comparing with those for /d/, /ɡ/, /a:/ 
and the rest position respectively. Error bars show the 95% confidence interval. A gray line above 
the tongue contours show the averaged palate contour. Triangles show the constriction location 
(the closest point to the palate) of the averaged contours. 
 
Table 4. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JF02 
  /N#/  /d/ /ɡ/ /a:/ RP 


























































For JF03, the tongue shape for /N#/ was similar to that for /ɡ/, although the tongue body 
was slightly higher and the tongue tip was slightly lower in /ɡ/ than in /N#/ (Figure 9). 
A one-way ANOVA showed significant differences in CL among the phonemes, F(4, 45) 
= 68.23, p < .001, and a post-hoc Tukey test showed that the mean CL for /N#/ was significantly 
different from /d/ and the rest position. There were no significant differences between /N#/ and /ɡ/ 
or /a:/ (Table 5). 
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 45) 
= 153.84, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 
significantly different from that for the rest position and for all the other phonemes except /ɡ/ 
(Table 5).  
A one-way ANOVA showed significant differences in the horizontal locations (x) of the 
highest point among the phonemes, F(4, 45) = 325.70, p < .001, and a post-hoc Tukey test showed 
that the highest point (x) for /N#/ was significantly different from those for /d/ and the rest position. 
Another one-way ANOVA showed significant differences in the vertical locations (y) of the 
highest point among the phonemes, F(4, 45) = 136.07, p < .001, and a post-hoc Tukey test showed 
that the highest point (y) for /N#/ was significantly different from all the other phonemes and the 
rest position (Table 5). 
As the CL for /N#/ was not significantly different from /ɡ/ or /a:/, it is likely that the 
constriction for /N#/ in this speaker was achieved by the rear part of the tongue and somewhere 
from the velum to pharynx. The acoustic analysis showed only that the PoA of /N#/ was different 




To narrow down the place, the highest points for /N#/ and /ɡ/ were compared. The 
horizontal location (x) for /N#/ was more posterior, although the difference was not significant, 
and its vertical location (y) was significantly lower. Thus, the articulatory target for /N#/ appears 
to have been similar to /ɡ/ but lower and possibly more posterior, which could be the uvula.  
Comparing the tongue posture for /N#/ with that of the rest position, the posterior portion 
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c      d  
Figure 9. Averaged tongue contours in speaker JF03 for /N#/ comparing with those for /d/, /ɡ/, /a:/ 
and the rest position respectively. Error bars show the 95% confidence interval. A gray line above 
the tongue contours show the averaged palate contour. Triangles show the constriction location 
(the closest point to the palate) of the averaged contours. 
 
Table 5. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JF03 
  /N#/  /d/ /ɡ/ /a:/ RP 






















































For JF04, the tongue shape for /N#/ was similar to that for /ɡ/, although /N#/ was 2.57 mm 
higher than /ɡ/ at the highest point, which was located at 29.72 for /N#/ and 28.16 for /ɡ/ on the x-
axis (Figure 10, Table 6). 
A one-way ANOVA showed significant differences in CL among the phonemes, F(4, 45) 
= 380.55, p < .001, and a post-hoc Tukey test showed that the mean CL for /N#/ was significantly 
different from /d/ and the rest position, but not significantly different from /ɡ/ or /a:/ (Table 6).  
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 45) 
= 57.18, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 
significantly different from those for the rest position and for all the other phonemes except /ɡ/ 
(Table 6). 
A one-way ANOVA showed significant differences among the phonemes in the horizontal 
locations (x) of the highest point, F(4, 45) = 188.67, p < .001, and a post-hoc Tukey test showed 
that the highest point (x) for /N#/ was significantly different from those for /d/ and the rest position. 
Another one-way ANOVA showed significant differences among the phonemes in the vertical 
locations (y) of the highest point, F(4, 45) = 178.92, p < .001, and a post-hoc Tukey test showed 
that the highest point (y) for /N#/ was significantly different from all the other phonemes and the 
rest position. 
As the CL and CD for /N#/ were not significantly different from /ɡ/, it is speculated that 
the PoA of /N#/ was very close to that of /ɡ/ in this speaker. However, comparing the highest point 
for /N#/ with that for /ɡ/, its horizontal location (x) was more anterior than in /ɡ/, although the 




The N1 acoustic analysis showed that the PoA of /N#/ was more anterior than /Nɡ/ and /n/ 
(Table 2). 
Thus, the articulatory target for /N#/ appears to have been very similar to that for /ɡ/ but 
slightly more anterior, which could be the front part of the velum.  
Comparing the tongue posture for /N#/ with that for the rest position, the posterior 
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c      d  
Figure 10. Averaged tongue contours in speaker JF04 for /N#/ comparing with those for /d/, /ɡ/, 
/a:/ and the rest position respectively. Error bars show the 95% confidence interval. A gray line 
above the tongue contours show the averaged palate contour. Triangles show the constriction 
location (the closest point to the palate) of the averaged contours. 
 
Table 6. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JF04 
  /N#/ /d/ /ɡ/ /a:/ RP 






















































As seen in Figure11.a, JF07 used an odd articulation for /N#/ in one trial (Trial 8). In this 
trial, she seems not to have made a tongue dorsum constriction for /N#/, unlike in the other 9 
trials. The utterance in Trial 8 was not an error, as it was perceived normally by a native speaker 
(the author), and it is interesting to discuss it as an indicator of within-speaker variability, but this 
trial was excluded from the analysis for the default place of articulation in this section. 
a      b  
Figure 11. Superimposed tongue contours in speaker JF07 for 10 repetitions of /N#/ (left) and /ɡ/ 
(right). Black lines show the palate contours. 
 
For JF07, the tongue shape for /N#/ was similar to that for /ɡ/, although the tongue body 
was slightly higher for /ɡ/ than for /N#/ (Figure 12). A one-way ANOVA showed significant 
differences in CL among the phonemes, F(4, 44) = 99.58, p < .001, and a post-hoc Tukey test 
showed that the mean CL for /N#/ was significantly different from that for /d/ and for the rest 
position, but not from the mean CL for /ɡ/ or /a:/ (Table 7).  
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 44) 
= 29.00, p < .001, and the post-hoc Tukey test showed that the mean CD value for /N#/ was 




position (Table 7).  
Considering that CL and CD for /N#/ were not significantly different from those for /ɡ/, it 
is likely that this speaker used a velar constriction. However, looking at the tongue shape from 
each trial, the posterior portion of the tongue for /N#/ seemed to make a constriction with a 
relatively large part of the velar to uvular in comparison to /g/ (Figure 11). Thus, the default PoA 
of /N#/ for this speaker is probably a region close to the PoA of /ɡ/, but it could be a relatively 
wider part of the velum/uvula than that for /ɡ/. 
Comparing the tongue posture for /N#/ with that for the rest position, the posterior 
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c      d  
Figure 12. Averaged tongue contours in speaker JF07 for /N#/ comparing with those for /d/, /ɡ/, 
/a:/ and the rest position respectively. Error bars show the 95% confidence interval. A gray line 
above the tongue contours show the averaged palate contour. Triangles show the constriction 
location (the closest point to the palate) of the averaged contours. 
 
Table 7. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JF07 
  /N#/ /d/ /ɡ/ /a:/ RP 





















































For JM01, the overall tongue shape for /N#/ was similar to the shapes for /ɡ/ and /a:/ (Figure 
13).  
A one-way ANOVA showed significant differences in CL among the phonemes, F(4, 45) 
= 122.62, p < .001, and a post-hoc Tukey test showed that the mean CL for /N#/ was significantly 
different from those for /d/ and the rest position but not from those for /ɡ/ and /a:/ (Table 8). As 
/N#/ was not significantly different from /ɡ/ and /a:/ in terms of CL, it seems that the constriction 
for /N#/ in this speaker was achieved by the rear part of the tongue and somewhere from the velum 
to the pharynx.  
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 45) 
= 31.22, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 
significantly different from those for the rest position and for all the other phonemes except /a:/ 
(Table 8). As the CD was similar to that of a vowel, it is likely that a complete closure was not 
achieved for /N#/. However, the CL for /N#/ in this speaker was around the velum, which is 
malleable and likely to be displaced from the palate trace trial. Furthermore, part of the velum is 
vertical and hard to capture in midsagittal tongue imaging trials. Thus, it is difficult to say for sure 
whether or not there was a complete closure on the basis of CD alone. 
The vertical location (y) at the highest point was 1.72 mm lower for /N#/ than for /ɡ/, and 
a post-hoc Tukey test following a one-way ANOVA showed that the difference was significant, 
F(4, 45) = 188.11, p < .001. The difference between the highest point (y) for /N#/ and /a:/ did not 
reach significance (Table 8). 
In sum, as described above, the CL for /N#/ was somewhere from velum to pharynx, and 




In looking at the tongue dynamics, however, a noticeable difference was seen among 
/N#/, /ɡ/, and /a:/. Figure 14 shows the superimposed tongue contours for speaker JM01 in Trial 
6 from the onset of the preceding /a/ to the offset of /N#/ (left) and from the onset of the 
preceding /a/ to the offset of /ɡ/ (right). Contours toward the vowel are in blue (dark in black and 
white) and toward the consonant are in green (light in black and white). While the contours for 
/aN#/ show horizontal movement toward the back, those for /aɡ/ show upward vertical 
movement. This horizontal movement of the tongue dorsum for /N#/ was seen in all six trials in 
which the posterior portion of the tongue was imaged clearly enough to be traced. Likewise, the 
vertical movement of the tongue dorsum for /ɡ/ was seen all ten trials. 
These tongue dynamics suggest that the PoA of /N#/ in JM01 was close to that of /a:/ and 
/ɡ/ but more posterior than the velum, presumably the uvula. The F2 acoustic analysis also showed 
that the PoA of /N#/ was different from that of /Nɡ/ (Table 3). 
Comparing the tongue posture for /N#/ with that in the rest position, the posterior portion 
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c      d  
Figure 13. Averaged tongue contours in speaker JM01 for /N#/ comparing with those for /d/, /ɡ/, 
/a:/ and the rest position respectively. Error bars show the 95% confidence interval. A gray line 
above the tongue contours show the averaged palate contour. Triangles show the constriction 
location (the closest point to the palate) of the averaged contours. 
 
Table 8. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JM01 
  /N#/ /d/ /ɡ/ /a:/ RP 




















































a      b  
Figure 14. Superimposed tongue contours in speaker JM01, in Trial 6, from the onset of the 
preceding /a/ to the offset of /N#/ (left) and from the onset of the preceding /a/ to the offset of /ɡ/ 
(right). Contours toward the midpoint of vowel are in blue (dark) and toward the offset of 
consonant are in green (light).  
 
JM02. 
For JM02, the overall tongue shape for /N#/ was similar to that for /a:/ (Figure 15). A one-
way ANOVA showed significant differences in CL among the phonemes, F(4, 45) = 48.91, p 
< .001, and a post-hoc Tukey test showed that the mean CL for /N#/ was significantly different 
from those for /d/ and the rest position, but not from those for /ɡ/ and /a:/ (Table 9).  
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 45) 
= 133.57, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 
significantly different from those for the rest position and all the other phonemes except /a:/ (Table 
9). 
In sum, no significant differences were seen between /N#/ and /a:/ in the mean values of 
all the measured indices (CD, CL, highest (x) and highest (y)). This suggests that the tongue 
posture did not change during the course of /aN#/ and thus, that there was no target for /N#/. 
However, in considering the fact that the CL was in the posterior region and the CD was relatively 




uvula if the uvula was lowered for /N#/, but it was not possible to observe lowering during /N#/. 
The acoustic analysis only showed that the PoA of /N#/ was more posterior than that of /m/ (Table 
2). 
Comparing the tongue posture for /N#/ with that in the rest position, the posterior portion 
of the tongue was higher for /N#/. 
 
a      b  
c      d  
Figure 15. Averaged tongue contours in speaker JM02 for /N#/ comparing with those for /d/, /ɡ/, 
/a:/ and the rest position respectively. Error bars show the 95% confidence interval. A gray line 
above the tongue contours show the averaged palate contour. Triangles show the constriction 






Table 9. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JM02 
  /N#/ /d/ /ɡ/ /a:/ RP 



















































For JM03, the tongue shape for /N#/ (Figure 16) was similar to that for /d/, although the 
tongue body was higher for /N#/ than for /d/. The posterior portion of the palate was not imaged 
for this speaker, and the CLs and CDs for /ɡ/, /a:/, and the rest position may not indicate the actual 
constriction locations and degrees (those values are in the parentheses in Table 10 as reference 
values). However, all the values were used for analysis because they seemed to contain sufficient 
information about the tongue shape for comparison with other segments. A one-way ANOVA 
showed significant differences in CL among the phonemes, F(4, 45) = 76.04, p < .001, and a post-
hoc Tukey test showed that the mean CL for /N#/ was significantly different from those for the 
rest position and all the other phonemes except /d/ (Table 10). The mean CL for /N#/ was located 
at the anterior portion of the tongue, although it was 3.59 mm more posterior than that for /d/. This 
suggests that the constriction for /N#/ was achieved by the tongue tip or blade and the alveolar 




The N1 acoustic analysis showed that the PoA was more posterior for /N#/ than for /m/ 
and /Nɡ/,5 while /N#/ and /n/ did not differ significantly in PoA (Table 2).  
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 45) 
= 175.26, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 
significantly different from those for all the other phonemes and the rest position (Table 10). 
However, the tongue tip image was not captured well for this speaker, especially when he raised 
his tongue tip. Therefore, no conclusions should be drawn regarding the existence of closure based 
only on the CDs measured here.  
Comparing the tongue posture for /N#/ with that for the rest position, the posterior portion 
of the tongue was higher for /N#/. 
  
                                                 




a      b  
c      d  
Figure 16. Averaged tongue contours in speaker JM03 for /N#/ comparing with those for /d/, /ɡ/, 
/a:/ and the rest position respectively. Error bars show the 95% confidence interval. A gray line 
above the tongue contours show the averaged palate contour. Triangles show the constriction 
location (the closest point to the palate) of the averaged contours. 
 
Table 10. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey Test Results in Speaker JM03 
  /N#/ /d/ /ɡ/ /a:/ RP 





















































For JM04, the tongue shape for /N#/ looked flat and similar to that for /a:/, although the 
tongue shape for /a:/ was concave in the middle (Figure 18). A one-way ANOVA showed 
significant differences in CL among the phonemes, F(4, 45) = 38.02, p < .001, and a post-hoc 
Tukey test showed that the mean CL for /N#/ was significantly different from those for the rest 
position and all the other phonemes except /a:/ (Table 11). 
A one-way ANOVA showed significant differences in CD among the phonemes, F(4, 45) 
= 145.13, p < .001, and a post-hoc Tukey test showed that the mean CD value for /N#/ was 
significantly different from those for the rest position and all the other phonemes except /a:/ (Table 
11). 
However, the CL values determined based on the distance from the traced palate were not 
consistent for /N#/ in this speaker. In eight of the ten trials, the CL was in the front, around 60 on 
the x-axis, but in the other two trials (Trial 10 and Trial 8) it was in the back, around 20 on the x-
axis (the triangles in the figures show the CL of the averaged contour). For Trial 10, the CL was 
determined to be in the back because there was no tongue tip contour data due to a poor image 
quality around the tongue tip. For Trial 8, the CL was determined to be in the back, although there 
was also a region in the front where the distance between the tongue and palate was almost as close 
as that in the back (1.24 mm wider than the distance at the point judged as the CL). As already 
mentioned, this inconsistency in CL could be attributed to the flat tongue posture, parallel to the 
palate, for /N#/ in this speaker. 
In discussing the target, if the constriction is in the pharynx, as suggested by the fact that 
the CL for /N#/ was not significantly different from that for /a:/, it is impractical to use the palate 




trials. If the CL is in the pharynx, however, it is impossible to have nasal airflow (a necessary 
condition for a sonorant /N/) with a constriction below the end of the soft palate unless it is 
coordinated with a glottal stop. Indeed, the spectrograms of JM04’s productions of /kaNaN/ in all 
ten trials (an example is shown in Figure 17) did not show apparent nasality for the word-final /N/. 
Instead, they showed an absence of voicing during the word-final /N/. Nevertheless, perceptually, 
these tokens sounded as natural to a native speaker (the author) as a normal /N/. This suggests that 
it is possible for the CL to be at the pharynx, even though a question remains as to what the required 




Figure 17. Waveform and spectrogram of an utterance /kaNaN/ in Trial 4 by speaker JM04. 
   
It is also possible, however, to make a uvular constriction by lowering the soft palate 
instead of raising the tongue dorsum, as shown in Figure 1.b, Figure 2.a, and Figure 2.d.  
The acoustic analysis only showed that the PoA of /N#/ was more posterior than that of /m/ 




In looking at the tongue trajectory from /a/ to /N#/ in individual trials of /kaNaN#/ (for 
example, Trial 3 and Trial 8, shown in Figure 19), there seemed to be no distinct tongue movement 
from /a/ to /N#/. This suggests that this speaker may not have had a target for /N#/. Of course, this 
conclusion is not definitive because the averaged tongue contours showed differences in the tongue 
shapes for /N#/ and /a:/ in the middle of the tongue (Figure 18.c), and a Tukey post-hoc test 
following a one-way ANOVA, F(4, 45) = 136.83, p < .001, showed a significant difference 
between /N#/ and /a:/ in the vertical location (y) of the highest points (Table 11). 
With the caveat mentioned, although it is clear from the figures and Tukey test results that 
/N#/ differed from /d/ (alveolar) and /ɡ/ (velar) in CL, it is not clear whether the tongue posture 
for /N#/ was same as that for /a:/. Thus, it could be that no target was intended, but it could also 
be that either a pharynx constriction coordinated with a glottal stop or a uvular constriction made 
by lowering the soft palate was intended.  
Comparing the tongue posture for /N#/ with that for the rest position, the posterior portion 
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c      d  
Figure 18. Averaged tongue contours in speaker JM04 for /N#/ comparing with those for /d/, /ɡ/, 
/a:/ and the rest position respectively. Error bars show the 95% confidence interval. A gray line 
above the tongue contours show the averaged palate contour. Triangles show the constriction 
location (the closest point to the palate) of the averaged contours. 
 
Table 11. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/N#/, /d/, /ɡ/, /a:/, and the Rest Position (RP) and Tukey test Results in speaker JM04 
  /N#/ /d/ /ɡ/ /a:/ RP 




















































a      b  
Figure 19. Superimposed tongue contours in speaker JM04 for the midpoint of the first /a/, the 
first /N#/, the second /a/ and the second /N#/ in /kaNaN#/. A black line above the tongue contours 
shows the traced palate contour. 
 
Lip aperture. 
The mean lip apertures (LA), defined as the Euclidean distance between the two IREDs 
attached to the speakers’ upper and lower lips along the midsagittal line, were measured and 
analyzed. The lip IREDs came off for three speakers (JF02, JF04, and JM01) during the 
experiment, and these speakers were excluded from this analysis.6  
Table 12 shows the mean LAs for /N#/, /b/, and /ɡ/ and the mean differences in LA 
between /N#/ and /b/ and /N#/ and /ɡ/, with asterisks indicating significant differences (p < .05) 
in a Tukey post-hoc test following a one-way ANOVA.  
The LA for /b/ is shown here for comparison, but it was not the minimum among the 
phonemes for any of the five speakers; the LA during the rest position was the minimum for two 
speakers (JM02 and JM04), and the LA for /N/ in /aNba/ was the minimum for the other three 
                                                 
6 For one speaker (JF04), the upper lip IRED came off but the lower lip data was properly 
collected, and the lower lip vertical locations were analyzed. However, the data only showed that 





The LA for /ɡ/ is shown here for comparison; it was the maximum for three speakers 
(JF03, JM03, and JM04), but for the other two speakers (JM02 and JF07), the LA for /a:/ in 
/oba:saN/ was the maximum. 
According to the results shown in Table 12, the mean LA for /N#/ in all the speakers was 
wider than that for /b/, although a post-hoc Tukey test following a one-way ANOVA showed that 
the difference was not significant for one speaker, JM02. 
Looking at the individual tokens of in the ten trials for the four speakers whose mean LAs 
for /N#/ were significantly wider than for /b/, no tokens for /N#/ had a narrower LA than the 
maximum LA for /b/.  
 
Table 12. Mean LA (in mm) for /N#/ and /b/ 
 JF03 JF07 JM02 JM03 JM04 
/N#/ 42.76 35.95 40.12 41.03 36.13 
/b/ 35.77 29.89 38.62 31.63 31.42 
Mean Diff. 6.99* 6.06* 1.49 9.41* 4.71* 
/ɡ/ 45.90 39.13 44.76 43.62 38.43 
Mean Diff. -3.14* -3.18 -4.64* -2.58* -2.29* 
 
For JM02, who had a mean LA for /N#/ only 1.49 mm wider than that for /b/, there were 
five tokens of /N#/ with a narrower LA than the maximum LA for /b/. Figure 20 shows the 
vertical movement of the upper lip and lower lip of JM02 during the utterance of /abata/ in Trial 
8, in which the maximum LA for /b/ in the ten trials was observed (left) and /kaNaN/ in Trial 3, 
in which the minimum LA for /N#/ in the ten trials was observed (right). 
                                                 







Figure 20. Vertical movement in mm of the upper lip and lower lip during the utterance of /abata/ 
in Trial 8, in which the maximum LA for /b/ of the ten trials was seen (left) and /kaNaN/ in Trial 
3, in which the minimum LA for /N#/ of the ten trials was seen (right).8  
 
As seen in Figure 20, the lower lip moved upward for /b/ in /abata/, while it did not move 
much for /N#/ at the end of the utterance in /kaNaN/. Instead, the upper lip was lowered toward 
the end of the utterance in /kaNaN/, which is probably a return to the neutral position. Four of 
JM02’s other trials, in which /N#/ had a narrower LA than the widest LA for /b/, show the same 
lip movement patterns. It has been reported that when a bilabial closure is achieved, the lip 
aperture reaches its minimum when the lower lip reaches its highest position, and the peak 
velocity of the closing movement for the lower lip is considerably higher (10-20 cm/s) than that 
for the upper lip (1-5 cm/s) (Löfqvist & Gracco, 1997). Thus, the lower lip’s vertical movement 
seems to play a crucial role in achieving the lip closure for a bilabial consonant.9 Considering the 
small vertical movement of the lower lip for /N#/ seen in Figure 20 (right), it is doubtful that this 
                                                 
8 As seen in the right panel of Figure 20, there is a glottal stop between /a/ and /N/. The glottal 
stop was observed for all the trials of /kaNaN/ in this speaker.  
9 Given the low vowel production environment, there is likely a significant contribution from the 




speaker made a labial closure for /N#/, even though it had a narrower LA than /b/.  
Comparing the LA for /N#/ with /ɡ/, four speakers (JF03, JM02, JM03, and JM04) 
showed a significantly narrower constriction for /N#/ than for /ɡ/.  
Looking at the individual tokens in each speaker’s ten trials, JF03 had a wider LA for 
/N#/ than the minimum LA for /ɡ/ in six trials, and JM04 had a wider LA for /N#/ than the 
minimum LA for /ɡ/ in one trial. The other three speakers showed a narrower LA for /N#/ than 
the minimum LA for /ɡ/ in all their trials. This suggests that some lip narrowing might have 
served as a secondary articulation, even though it was optional for two of the speakers.  
In sum, for the five speakers who provided lip movement data, none showed an apparent 




The place of articulation of the utterance-final moraic nasal was examined for eight 
native speakers of Japanese. The midsagittal tongue contours for the target segment imaged by 
ultrasound were traced for analysis. The tongue contours in ten repetitions were averaged for 
each segment (/N/ in /aN#/, /d/, /ɡ/ in /aCa/, a long vowel /a:/, and the rest position). The 
constriction location (CL), where the closest point to the traced palate contour, and constriction 
degree (CD), which is the Euclidean distance to the palate at CL, were calculated. 
The horizontal and vertical locations of the highest point of the imaged tongue contour 
were also measured and used for analysis. 
The averaged /N#/ contours were plotted and overlaid with each contour of the other 




compared with the other segments and the rest position by conducting a one-way ANOVA 
followed by a Tukey post-hoc test.  
Lip aperture (LA) was measured if it was available, and the LA for /N#/ was compared 
with that for a bilabial stop /b/ to investigate whether there was a labial closure for /N#/. 
The PoA was identified by an overall evaluation of the averaged contours, superimposed 
individual contours for repetitions, superimposed chronological contours for individual trials, 
CLs, CDs, highest locations, and LAs. 
 
Place of articulation. 
The PoAs of an utterance-final moraic nasal /N/ following the vowel /a/ for the eight 
speakers were identified as follows: three speakers (JF02, JF03, and JM01) used a uvular 
constriction, one (JF07) used a constriction ranging from velar to uvular, one (JF04) used a velar 
constriction, one (JM03) used an alveolar constriction, and two (JM02 and JM04) might not have 
had an oral target for /N#/, considering that no significant differences in CL and CD were seen 
between /N#/ and the preceding vowel /a/. If these last two speakers did have a constriction, 
however, JM02 was likely to have used a uvular constriction, and JM04 was likely to have used 
a uvular or pharyngeal constriction. 
The individual speaker variability in the PoA of /N#/ in previous descriptions, ranging 
from palatal to uvular (Yamane & Gick, 2010; Hashi et.al., 2014), corresponds to the variability 
seen in this study. 
Lip aperture analysis revealed that labial closures for /N#/ were not seen for any of the 
five speakers who had sufficient lip movement data to analyze, although some degree of lip 





Types of tongue configuration for [ɴ]. 
As predicted in the Introduction, two types of tongue configuration for the uvular nasal 
[ɴ] were observed: (a) a flat overall tongue shape, and (b) a raised tongue dorsum and a lowered 
tongue blade. Of the six speakers who used a uvular constriction, including the two possible 
placeless speakers in this experiment, two (JM01 and JM04) used a “flat” tongue posture, and 
four (JF02, JF03, JF07, and JM02) used a “dorsum raised” tongue posture. 
Akamatsu (1997) suggested that the uvular constriction for Japanese /N/ before a pause 
could be congruous with the rest position, as noted in the Introduction, but none of the five 
speakers who used a uvular constriction for /N#/ used a tongue posture congruous with their rest 
posture. These results suggest that the articulatory gesture for [ɴ] is not a passive state of being in 
the natural posture for breathing (Arisaka, 1940, p.84) but a more active motion targeting the 
uvular constriction. 
 
Presence of closure. 
Based on the analysis of CD for /N#/, it was found that of the eight speakers in the 
experiment, three (JF04, JF07, and JM03) seemed to make a closure with the velum, 
velum/uvula, or alveolar ridge. Three others (JF02, JF03, and JM01) possibly made a closure 
with the uvula, although it was not directly observed. One (JM02) seemed to make a constriction 
with uvula as wide as that for the vowel /a:/, and one (JM04) seemed to make a constriction with 
the uvula or in the pharynx coordinated with a glottal stop. 
Table 13 summarizes the PoA, type of tongue configuration, presence of closure, and lip 




the previous descriptions of the Japanese moraic nasal in utterance-final position, which is most 
commonly transcribed as a uvular nasal [ɴ] (Hattori, 1939-40; International Phonetic 
Association., 1999; Kawakami, 1977; Labrune, 2012, p. 132; Maddieson, 2011). Interestingly, 
however, the PoA ranges from the alveolar ridge to the uvula or possibly the pharynx across the 
eight speakers.  
 
Table 13. PoA, Type of Tongue Configuration, Presence of Closure, and Lip opening for /N#/ by 
Speakers 
 PoA (Type) Presence of Closure Lips 
JF02 Uvula (dorsum raised) Closure or narrow constriction No data 
JF03 Uvula (dorsum raised) Closure or narrow constriction Open 
JF04 Velum Closure No data 
JF07 Velum to uvula (dorsum raised) Closure Open 
JM01 Uvula (flat) Closure or narrow constriction No data 
JM02 Placeless or uvula (dorsum raised) Narrow constriction (?) Open 
JM03 Alveolar ridge Closure Open 







Chapter 3. Gestural Behaviors of the Moraic Nasal in Assimilation 
 
Introduction 
Moraic Nasal Assimilation. 
The moraic nasal /N/ has been analyzed in terms of its phonology, focusing on its 
chameleon-like nature (Amanuma, Otsubo, & Mizutani, 1978, p.73; Aoyama, 1999; Nakajo, 1989, 
p.66; Vance, 2008, p.101): It usually assimilates to the following segment. Vance (2008) listed 
nine allophones of /N/ (p. 97), while Kokuritsu Kokugo Kenkyūjo ([NINJAL], 1990) listed more 
than 80 allophones depending on the combination of the preceding and following segments. Table 
14 shows the allophones of /N/ based on Vance (2008, p. 97) and Hayes (2009, p. 67). 
 
 
Table 14. Allophones of the Japanese Moraic Nasal /N/ 
# Allophones of /N/ Following Segments 
 [ɴ] No following segments 
1 [m] Bilabial: [p], [b], [m] 
2 [n] Lamino-alveolar [t], [d], [n] 
3 [ɲ] Lamino-alveopalatal: [c], [ɟ] 
4 [n̪] Apico-alveolar: [ɾ] 
5 [ŋ] Velar: [k], [g] 
6 [ɲ] [ni] 
7 [ɰ̃] 
Fricatives: [ɸ], [s], [ɕ], [ç], [h] 
Vowels: [ɑ], [i], [ɯ], [e], [o] 
8 [w̃] Approximant: [w] 
9 [ȷ]̃ Approximant: [j] 
 
 
As shown in Table 14, several of the allophones of /N/ can be categorized as nasals that 





Gestural Behaviors in Assimilation. 
When a phoneme assimilates in place to the surrounding phonemes, the assimilation 
process can be categorical or gradient. A typical example of categorical assimilation is seen in 
lexical assimilation, which occurs word-internally, as in “e[nt]er, a[mb]er, and pra[ŋk]” in 
English (Celata, Calamai, Ricci, & Bertini, 2013, p. 88). When such lexical assimilations occur in 
a lexical process, the assimilating phoneme is completely replaced by another phoneme, the same 
place of articulation is maintained, and the assimilation is obligatory in speech (Celata et al., 2013; 
Coetzee & Pater, 2011; Kiparsky, 1985). 
In contrast, gradient assimilation is seen post-lexically, as in “gree[n b]ox ~ gree[m b]ox 
or gree[n k]ard ~ gree[ŋ k]ard” (Celata et al., 2013, p. 88). These post-lexical assimilations occur 
in connected speech across word boundaries and are considered optional, largely depending on 
speech rate and/or speech style (Celata et al., 2013; Coetzee & Pater 2011; Kiparsky, 1985). In 
gradient assimilation, the articulatory gestures for the triggering phoneme and the assimilated 
phoneme are co-produced, and residues of the original gestures have been observed in articulatory 
instrumental investigations. 
Articulatory Phonology (AP: Browman & Goldstein, 1989, 1990), which treats articulatory 
gestures as units of speech, explains assimilation using a gestural model. According to AP, 
articulatory gestures, such as a lip closing gesture or a tongue tip raising gesture, are discrete and 
context-free phonological units, and spoken utterances are accomplished by combining the 
gestures in larger sequences, such as syllables, words and phrases (van Lieshout & Goldstein, 
2008). The goals of each gesture are determined by two independent dimensions or tract variables: 




as closure, wide aperture, or narrow aperture. The gestures can overlap, with the amount of overlap 
depending on speech rate, casualness, the organs used for making the constrictions, and linguistic 
constraints (Goldstein & Fowler, 2003). A gestural timing difference can explain how two phones 
considered to be different allophones in traditional phonology are in fact the same phonological 
units sharing the same gestures and differing only in the timing of the gestures (e.g., Sproat & 
Fujimura, 1993). In some cases of assimilation, a gesture is completely replaced by the gesture of 
another segment, but in other cases, gestures overlap across different articulatory tiers (e.g., a 
tongue coronal gesture for /t/ and a tongue dorsal gesture for /k/) or blend within the same tier (e.g., 
a tongue tip gesture for /t/ and a tongue blade gesture for /s/). The overlapping and blending cases 
of assimilation may not fit well into the account of conventional autosegmental phonology. 
Gestural overlap in assimilation has been found to be gradient in some cases.  For example, 
Barry (1985) showed residual alveolar gestures in alveolar-to-velar assimilation in English using 
an Electropalatography (EPG). Kerswill (1985) confirmed that these partial assimilations were 
sensitive to speech rate and style. Zsiga (1995) added more evidence of gradient assimilation in 
English /s/-to-/ʃ/ assimilation in post-lexical conditions (e.g., confess you), whereas the 
assimilation is categorical in lexical conditions (e.g., confession). Gradient assimilations were also 
seen in German /t/-to-/k/ assimilations in post-lexical conditions (Kühnert & Hoole, 2004), and in 
Russian /n/-to-velar assimilation in heterosyllabic conditions (Barry, 1991), and in both studies the 
residual alveolar gestures were reduced as speech rate increased.  
It is interesting that there are cases of place assimilation that cannot be accounted for in 
conventional autosegmental phonological accounts, in which place of articulation node simply re-
connects from C1 to C2. In considering the fact that the gradient assimilation tends to occur post-




the studies cited above are considered to take place at the phonetic level, after phonological 
processes.  
On the other hand, assimilations are not always gradient. Ellis and Hardcastle (2002) 
replicated the English alveolar-to-velar assimilation study with more speakers (10 speakers) and 
more tokens (200 tokens) and found individual differences in assimilatory strategy. In particular, 
they reported four types of strategy: 1) no assimilation, 2) categorical assimilation, 3) a continuum 
of assimilatory forms including partial assimilation, and 4) either no assimilation or categorical 
assimilation. The participants grouped by these four assimilatory strategies seemed to roughly 
match their dialect groups, as both of the two speakers who showed some partial assimilations 
were Scottish English speakers, and four of the six speakers who showed categorical assimilations 
were Standard Southern British English speakers. Ellis and Hardcastle (2002) concluded that 
gradient assimilation is not universal, and that it depends on dialect as well as speech rate and style. 
More examples of categorical assimilation have been observed in Italian, Spanish, and 
Korean. Farnetani and Busà (1994) reported all categorical assimilations in Italian /n/-to-velar 
assimilation both in lexical and post-lexical conditions. Celata et al. (2013) observed a few partial 
assimilations (less than 2% of over 800 tokens) in post-lexical and slow speech conditions in Italian 
/n/-to-velar assimilation, although 98% of the tokens showed categorical assimilation. This 
tendency in Italian, as Celata et al. pointed out, is possibly because assimilation is less optional in 
Italian than English. 
In Castilian Spanish, /n/-to-velar assimilation and /n/-to-labial assimilation were reported 
to be categorical in lexical and post-lexical conditions (Honorof, 1999), and in Argentinian Spanish, 





In Korean, Kochetov and Pouplier (2008) found a few gradient assimilations (5% of the 
total tokens), which seemed not to be related to speech rate/style or to the presence or absence of 
an intervening word boundary, while most of the tokens showed categorical assimilation in /t/-to-
/p/ assimilation and /t/-to-/k/ assimilation. 
Aside from individual speaker variability, there seem to be language-specific assimilatory 
strategies, probably related to the degree of optionality of assimilation. Stephenson & Harrington 
(2002) assumed that optionality of assimilation within a word depends on language-specific 
phonotactics, for example, languages permitting heterorganic consonant clusters like those seen in 
Germanic languages such as Dutch, German, and English tend to be more optional in assimilation, 
and languages only permitting homorganic consonant clusters, such as Japanese, tend to be less 
optional. In fact, /N/ assimilation in Japanese has been considered mandatory (Cutler & Otake, 
1998; Vance, 2008). Stephenson & Harrington provided EPG data from three native speakers of 
Japanese showing that /N/ assimilation in compound words was obligatory, although gestural 
blending was found in 5% of the cases.10 Based on the results, they suggested, as opposed to Cutler 
and Otake (1998), that it remained a possibility that /N/ place assimilation in Japanese is a gradient 
process. In fact, it seems hard to draw conclusions about assimilatory patterns, gradient or 
categorical, from an EPG study looking for residual alveolar gestures, as Stephenson and 
Harrington did, because /N/ is uvular for most speakers. It is hypothesized, though, from the 
obligatory nature of /N/ place assimilation that /N/ assimilation in Japanese within a word is 
categorical. 
Another generalization about strategies of across-word nasal assimilation is that gradient 
                                                 
10 The alveolar gestures found in this 5% of the cases could have been a residual of the preceding 
consonant /s/ in /sɯngaɪ/ as shown in their example. /s/ is reported to be a highly constrained 




assimilation occurs in languages with larger nasal coda inventories while categorical assimilation 
occurs in languages with more restricted inventories (Colantoni, Kochetov, & Steele, 2016). 
However, it would be premature to draw conclusions on language-specific assimilatory strategies 
due to the paucity of languages examined. Moraic nasal place assimilation in Japanese, according 
to Colantoni et al.’s hypothesis, should occur categorically because Japanese has a very restricted 
nasal coda inventory: only /N/. Colantoni et al. provided EPG data of three native speakers of 
Japanese showing categorical /N/-to-/a/, /N/-to-/t/, and /N/-to-/k/ assimilations. But since the place 
of articulation for /N/ for the majority of speakers is uvular, and since EPG cannot capture a uvular 
constriction, there still be a possibility of gradient assimilation for /N/ in Japanese.   
Contextual variability must also be considered in discussing assimilatory strategies, as 
different segments might behave differently in assimilation. Barry (1992) inferred that dorsal 
gestures were more robust than coronal gestures from the fact that coronal-to-velar assimilation 
had been observed more often than velar-to-coronal assimilation in English (e.g., assimilation is 
always seen in income but not in backed). Recasens and Pallarès (2001) hypothesized that there 
were different degrees of articulatory constraint for different articulators. For example, labials 
should be highly sensitive to contextual effects (Fowler & Brancazio, 2000), and palatals should 
be insensitive (the most resistant to coarticulation) (Recasens, 1984). In addition, velars have been 
reported to be strongly coproduced with adjacent vowels (Wada, Yasumoto, Ikeoka, Fujiki, & 
Yoshinaga, 1970). Recasens and Pallarès (2001) examined coarticulation of consonant clusters 
composed of C1 and C2 in the same articulatory tiers, using 11 consonants in Catalan, and found 
from EPG data showing the front place of constriction that gestural blending was observed when 
C1 and C2 were unconstrained, assimilation was observed when C2 was more highly constrained 




Applying this to the cases of coronal-to-velar assimilations, a C2 velar raising gesture is considered 
more constrained or more robust than a C1 tongue tip raising gesture, as Barry inferred. A number 
of coronal-to-dorsal assimilations have been observed, as noted above, but not many C1 dorsal 
assimilations have been investigated. Among the few studies that have been done, categorical 
assimilation was observed in /ŋ/-to-labial and /ŋ/-to-coronal assimilations in Cuban Spanish 
(Kochetov & Colantoni, 2011), and no assimilation was seen in /kn/ clusters in three speakers of 
Italian (Farnetani & Busà, 1994). Gradient assimilation was also observed in /ɡ#d/ in American 
English, although the degree of gestural overlap was larger for /d#ɡ/ than /ɡ#d/ (Byrd, 1996). 
Although not much data has been provided, there are three possible assimilatory patterns in C1 
dorsal assimilation: categorical, gradient, and no assimilation. As /N/ assimilation is mandatory in 
Japanese, and as it involves dorsal activity, residual dorsal gestures could be observed, as seen in 
American English, but assimilation could be categorical, as seen in Cuban Spanish.  
 
The current chapter uses ultrasound imaging to examine the tongue shapes and constriction 
locations of eight native speakers to investigate whether the place assimilation of the Japanese 
moraic nasal /N/ is categorical or gradient. To provide a basic account of assimilatory 
environments and strategies, the target conditions were kept as simple as possible: normal speech 
rate, formal speech style, within a word, and /N/ before /b/, /d/, /ɡ/, /m/, /n/, and /a/. Categorical 
assimilations were predicted because lexical assimilation is mandatory in Japanese.  
 
Gestural Scores for the Japanese Moraic Nasal in Assimilation. 
Figure 21 compares the speculative schematics of the gestural scores for nasal assimilations 




study. The top left panel of Figure 21 shows that the tongue tip gesture for the nasal is deleted (the 
shaded section) and that the lip gesture for the labial is extended to the onset of /n/ in a sequence 
/np/ in Castilian Spanish. 
 
Figure 21. Gestural scores for Castilian Spanish and Japanese nasal assimilation. The shaded 
sections show a deleted gesture. 
 
If categorical assimilation occurs in different articulator sequences, a uvular gesture for the 
Japanese moraic nasal could also be deleted before a labial or alveolar, as shown in the top right 
and bottom left panels of Figure 21. In contrast, if gradient assimilation occurs, a tongue body 
gesture for /N/ will be retained. The bottom right panel shows that the tongue body gesture for /N/ 
is blended before /ɡ/ in /Nɡ/. The hypotheses of the current study are as follows: 
a. A tongue body gesture for /N/ is deleted before labial and alveolar consonants. 
b. A tongue body gesture for /N/ is merged into a following velar consonant either by being 




Ultrasound measures of articulators were used to test these hypotheses. 
 
Methods 
The participants, stimuli, and experimental setting were the same as in Chapter 2. 
 
Acoustic analysis. 
 To minimize effects of speech rate and speech style on assimilation, word duration and /N/ 
duration were measured, and if the word duration was outside the first quartile (Q1) – 1.5 * 
interquartile (IQR) and the third quartile (Q3) + 1.5 * IQR, or if the /N/ duration rate against the 
word duration was outside the Q1 – 1.5 * IQR and Q3 + 1.5 * IQR, the data was excluded from 
analysis. As a result, 35 tokens (7%) of the 475 target tokens were excluded. 
    
Articulatory analysis. 
The tongue contour extraction, head correction, and averaging procedures were the same 
as in Chapter 2.11 In order to compare the target tongue contour with the control to identify the 
assimilation pattern, the 95% confidence intervals (CI) for the mean of the y-values was calculated 
for every x-value on the contours. The averaged contours for the target frames were plotted with 
the error bars showing the 95% confidence interval at every 3 mm on the x-axis for comparison.  
Additionally, lip aperture (LA) was calculated as the distance between the upper and lower 
lips for the five speakers for whom the lip IREDs stayed in place throughout the trials. 
 
                                                 
11 The midpoint of the target segment was chosen because the ¼ and ¾ time points for the /N/ 
segment and the ¼ and ¾ time points of the second half of the /Nm/ and /Nn/ portions were also 




Contour overlap rates. 
Contour overlap rates were calculated for each target /N/, which was expected to assimilate 
to the following segment (e.g., /N/ in /aNda/), by comparing the same speaker’s corresponding 
control segment (e.g., /d/ in /hadaka/, measured in Chapter 2) to see whether assimilation actually 
took place. Contour overlap rates were also calculated for each target /N/ compared with the same 
speaker’s /N#/ (e.g, the utterance final /N/ in /kaNaN#/, measured in Chapter 2)12, that is, the 
default contour of /N/ without assimilation.  For this calculation, y-values from P to A (see Figure 
22; P: posterior, A: anterior) in /N/, the control, and /N#/ were used. If the 95% CI for the mean y-
value at an x-value for the /N/ overlapped with the 95% CI for the mean y-value at the same x-
value for the segment being compared, it was counted as an overlap point. The number of overlap 
points divided by the number of all the points between P and A was the overlap rate.  
 
Residual gesture rates. 
In addition to the overlap rates of the entire tongue contour, residual gesture rates were also 
calculated. For dorsal /N/ speakers, the posterior one-third (P-T in Figure 22.a; T: third) of the 
range of x-values containing all three of the contours being compared (P-A) was used. Likewise, 
for an alveolar /N/ speaker, the anterior one-third (A-T in Figure 22.b) was used.13 
                                                 
12 The outlier for /N#/ from Trial 8 by JF07 was excluded from the analysis in determining this 
speaker’s default contour for for /N#/ (see Chapter 2, Figure 11b). 
13 Posterior and anterior one-thirds were used following the procedures developed for EPG 
studies (e.g., Ellis & Hardcastle, 2002; Hardcastle, 1994), which divide the EPG palate into three 




a       b  
Figure 22.  a. Averaged tongue contours in speaker JF02 for /N/, /d/, and /N#/. b. Averaged 
tongue contours in speaker JM03 for /N/, /b/, and /N#/. Error bars show the 95% confidence 
interval of the mean values. Vertical lines P (posterior) and A (anterior) show the ranges of x-
values containing all the three curves. Vertical line T (third) shows the one-third of the line P to 
A from posterior (a) or from anterior (b).  
 
Within the target range (P-T or A-T), if the 95% CI for the mean y-value at an x-value for 
the /N/ did not overlap with the 95% CI for the mean y-value at the same x-value for the control 
segment, and if the y-value for /N/ was larger than that for the control, it was counted as a residual 
gesture point. For example, in Figure 22.a, the leftmost three error bars for /N/ within the P-T range 
overlap with those for /d/, and these are not counted as residual gesture points. The fourth and fifth 
error bars from the left do not overlap for /N/ and /d/, and /N/ is higher than /d/, so these are counted 
as residual gesture points. (The points used for this calculation are about ten times more than the 
error bars shown in the figures). The number of residual gesture points in the target range (P-T or 
A-T) divided by the number of all the points in the target range was the residual gesture rate. In 
Figure 22.b, none of the error bars within the A-T range overlap, and /N/ is higher than /b/, so the 





CL and CD. 
Constriction degree and location were also calculated for each segment as described in 
Chapter 2. The mean CL and CD for the target /N/ were compared with those for the same 
speaker’s control segments and /N#/ by conducting a one-way ANOVA followed by a Tukey 
HSD post-hoc test to see whether /N/ assimilation took place.  
 
Classification of assimilation patterns. 
The phonological conditions examined, that is, /Nb/, /Nd/, /Nm/, /Nn/, /Nɡ/, and /Na/ for 
each speaker, were first classified as “assimilation,” “no assimilation,” or “homorganic” based on 
the overlap rates, CL, and CD as follows. 
1) “Assimilation” if the overlap rate of /N/ and the control segment was higher than that of 
/N/ and /N#/ (i.e., the contour for /N/ overlapped more with the control than with /N#/). 
2) “No assimilation” if the overlap rate of /N/ and /N#/ was higher than that of /N/ and the 
control segment (i.e., the contour for /N/ overlapped more with /N#/ than with the 
control).  
3) “Homorganic” if the overlap rate of /N/ and the control segment differed by less than 
60% from that of /N/ and /N#/, and there were no significant differences in CL and CD 
between /N/ and the control segment and /N#/ (i.e., all the three segments share a similar 
constriction target). 
 
The conditions classified as “assimilation” were further classified into the following 
assimilation patterns.  




2) “Partial” if the residual gesture rate was 5% or more. 
 
Results 
  In this section, the assimilation patterns are briefly summarized to give an overview, and 
then, individual results are presented. 
The overview is divided into subsections according to the PoA of /N#/ identified in Chapter 
2: (1) for the five dorsal /N/ speakers, (2) for the one alveolar /N/ speaker (JM03), and (3) for the 
two possible placeless /N/ speakers (JM02 and JM04). 
 In the subsections for the dorsal and alveolar /N/ speakers, /N/ assimilation patterns are 
summarized in this order: (1) across the different articulatory tiers (labial and alveolar for the 
dorsal /N/ speakers, and labial and velar for the alveolar /N/ speaker), (2) within the same 
articulatory tier (/ɡ/ for the dorsal /N/ speakers and /d/ and /n/ for the alveolar speaker), and (3) 
with the vowel /a/. 
 In the subsection for the possible placeless /N/ speakers, /N/ assimilation patterns were 
summarized for consonants regardless of the articulatory tiers because there might not have been 
a target for /N#/, and thus there was no need for separate discussion depending on the PoA of the 
following segment. 
 
/N/ assimilation for the dorsal /N/ speakers.  
Assimilation across the different articulatory tiers.  
Regressive tongue place assimilation of the moraic nasal /N/ in Japanese was observed in 
all 20 conditions (/Nb/, /Nd/, /Nm/, and /Nn/ for each of the five dorsal /N/ speakers). Out of the 




conditions (90%) and partial assimilation (more than 5% residual gesture rate) was observed in 
two conditions (JF02 /Nd/ and /Nn/).  
 
Assimilation within the same articulatory tier.  
For three of the five dorsal /N/ speakers (JF02, JF03, and JF04), the /Nɡ/ condition was 
classified as “homorganic” due to the similar tongue contours of /N/, /ɡ/ and /N#/.  
For two dorsal /N/ speakers (JF07 and JM01), the /Nɡ/ condition was classified as 
“categorical,” because of the fact that the CL for /Nɡ/ was significantly more anterior than that for 
/N#/ (Figure 26.e and Figure 27.e and Table 18 and Table 19). These two conditions showed that, 
even within the same articulatory tier (tongue dorsum), a uvular /ɴ/ assimilated to a velar /ɡ/.  
 
Assimilation to the vowel /a/.  
No assimilation was observed in the /Na/ condition for any of the five speakers. 
 
/N/ assimilation for the alveolar /N/ speaker.  
Assimilation across the different articulatory tiers.  
For the alveolar /N/ speaker (JM03), partial assimilation of the moraic nasal /N/ across the 
different articulatory tiers was observed in the /Nb/, /Nm/, and /Nɡ/ conditions, where a residual 
alveolar gesture was observed. For the labial conditions, /Nb/ and /Nm/, the tongue postures did 





Assimilation within the same articulatory tier.  
For the alveolar /N/ speaker, the /Nd/ and /Nn/ conditions were classified as “homorganic” 
because of the fact that there were no significant differences in CL and CD for /N/ and /d/, /N/ and 
/n/, and /N/ and /N#/. 
 
Assimilation to the vowel /a/.  
No assimilation was observed in the /Na/ condition for the alveolar /N/ speaker. The 
contour for /N/ in /Na/ was similar to the contour in /N#/. 
 
/N/ assimilation for the possible placeless /N/ speakers. 
Assimilation to consonants.  
For the possible placeless /N/ speakers, the overlap rates showed assimilation of the moraic 
nasal /N/ to the following consonant in eight conditions (all the consonant conditions, /Nb/, /Nd/, 
/Nm/, /Nn/, and /Nɡ/ for JM02, and /Nd/, /Nn/, and /Nɡ/ for JM04). The other two conditions, /Nb/ 
and /Nm/ for JM04, were classified as “homorganic” because there were no significant differences 
in CL and CD among /N/, the control, and /N#/; in other words, the contours were all similar to 
each other. 
In terms of the assimilation patterns, all the assimilated conditions were classified as 
“categorical,” as no residual gestures were observed. Also, if /N/ did not have a target, as suggested 
in Chapter 2, the residual /N/ gesture could not be calculated and assimilation could not be partial. 






Assimilation to the vowel /a/.  
No assimilation was observed in the /Na/ condition for JM02, and the contour for /N/ was 
not different in comparison with both the control and /N#/.  
The /Na/ condition for JM04 was “homorganic” because there were no significant 
differences in CL and CD among /N/, /a/, and /N#/. 
 
/N/ assimilation by individual speakers.  
 As summarized above, individual speakers showed different assimilation patterns. Figures 
23-30 show the averaged tongue contours for each speaker for /N/ in /aNCa/, where C was /b/, /d/, 
/ɡ/, /m/, or /n/, and for /N/ in /aNa/, compared with the tongue contours for the control C in /aCa/. 
The averaged tongue contour for /N#/ is also shown for each speaker as a default contour without 
assimilation. Error bars show the 95% confidence interval. The gray line above the tongue contours 
in each graph shows the averaged palate contour. Triangles show the CL (the closest point to the 
palate) of the averaged contours. Tables 15-22 show Tukey HSD post-hoc test results following a 
one-way ANOVA comparing the mean CL and CD for /N/ against the control phonemes, with 
significant differences (p < .05) marked by an asterisk. The overlap rates between the averaged 
tongue contours for /N/ and the control segments, and between /N/ and /N#/ are shown. The 
residual gesture rates of the averaged tongue contours for /N/ and the control segments are also 
shown. Assimilation patterns classified based on the residual gesture rate and overlap rate are given 
at the bottom of each table. The results of lip aperture (LA) analysis are also given as “open” or 






For JF02, the contour overlap rates for /N/ in /NC/ were 48.43% with /b/, 36.43% with /d/, 
100% with /m/, and 70.42% with /n/ (Table 15). There were no significant differences in CL and 
CD for /N/ from those for labials and alveolars except that the CL for /N/ in /Nb/ was significantly 
different from that for the control /b/. This means that when /N/ assimilated to /d/, /m/, or /n/, the 
tongue achieved a CL and CD similar to those for the following consonants. In the case of /N/ 
before /b/, the tongue contour for /N/ looked similar in shape to that for /b/, but the CL was more 
anterior for /N/ than for /b/ (Figure 23.a). 
The residual dorsal gesture rates for /N/ were 0% in /Nb/, 34.04% in /Nd/, 0% in /Nm/, and 
29.79% in /Nn/. In other words, this speaker showed categorical assimilation for /Nb/ and /Nm/ 
and partial assimilation for /N/ before /d/, and /n/ (Table 15). 
For /Nɡ/, no significant differences in the mean CL and CD between /N/ and the control 
/ɡ/ were found, and there were also no significant differences in the mean CL and CD between /N/ 
and the default /N#/ (Table 15). Thus, this case was classified as “homorganic,” which could be 
assimilatory blending of the two tongue body gestures for /N/ and /ɡ/, but it could be that the two 
contours just happened to be similar. However, it needs to be noted that Figure 23.e shows an 
apparent difference in the anterior portion of the tongue for /N/, which is more anterior than for 
/ɡ/.  
For /Na/, the averaged tongue contour for /N/ in /Na/ overlapped more with the contour for 
/N#/ (48.32%) than with that for the control /a/ (8.05%) (Table 15). Thus, this condition was 
classified as “no assimilation.” However, it needs to be noted that Figure 23.f shows an apparent 
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Figure 23. Averaged tongue contours in speaker JF02 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 15. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, Overlap Rates for /N/ with Control Phonemes and 
/N#/, and Assimilation Patterns in Speaker JF02 





CL * - - - - - 
CD - - - - - * 
Overlap 48.43% 36.43% 100% 70.42% 43.08% 8.05% 
 Residual 0% 34.04% 0% 29.79% 0% 70.00% 
vs. 
/N#/ 
CL - * - * - - 
CD * * * * - - 









For JF03, the contour overlap rates for /N/ in /NC/ were 51.89% with /b/, 95.73% with /d/, 
43.19% with /m/, and 97.62% with /n/ (Table 16). There were no significant differences between 
the CL and CD in /N/ and those in these labials and alveolars, except for CD for /N/ in /Nb/ and 
CL for /N/ in /Nd/. Thus, in this speaker, the articulatory target of the following segment was not 
achieved for /N/ even though it assimilated to the following consonant, /b/, /d/, /m/, or /n/ (Table 
16).  
The residual dorsal gesture rates were 0% for /N/ before /b/, /d/, /m/, and /n/, which means 
that this speaker exclusively used categorical assimilation for /N/ before labials and alveolars 
(Table 16).  
As for LA, the lips were closed for /N/ before /b/ and /N/ before /m/, suggesting that a place 
assimilation occurred in /N/ before bilabials (Table 16). 
Before alveolar /d/ or /n/, the assimilation of /N/ was complete based on the high overlap 
rates and lack of residual gestures (Table 16), but the mean CL for /N/ is 10.51 mm behind that for 
/d/ and 13.91 mm behind that for /n/. The mean CD for /N/ was 6.62 mm wider than that for /d/ 




assimilate to the following alveolar consonants, the tongue tip constrictions that appeared during 
/N/ seemed not as tight as those for the control alveolar consonants. 
In the case of /N/ before /ɡ/, the tongue contour for /N/ seemed slightly higher than that for 
/ɡ/ in the anterior portion of the tongue (Figure 24.e), but the CL and CD for /N/ were not 
significantly different from those for /ɡ/. Thus, this condition was classified as “homorganic.” 
The averaged tongue contour for /N/ in /Na/ overlapped 11.39% with that for the control 
/a/ and 83.17% with that for /N#/ (Table 16). The relatively small overlap rate with /a/ and 
relatively large overlap rate with /N#/ indicate that /N/ did not assimilate to the following /a/, 
targeting a tongue posture similar to that for /N#/. Therefore, the tongue behavior for /N/ before 
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Figure 24. Averaged tongue contours in speaker JF03 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 16. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, LA for /N/, Overlap Rates for /N/ with Control 
Phonemes and /N#/, and Assimilation Patterns in Speaker JF03 





CL * - * * - - 
CD - * * * - - 
Overlap 51.89% 95.73% 43.19% 97.62% 30.39% 11.39% 
 Residual 0% 0% 0% 0% 42.65% 64.18% 
vs. /N#/ CL * * * * - - 
CD * * * * - - 
Overlap 26.89% 10.98% 17.37% 20.24% 28.92% 83.17% 
 LA Closed Open Closed Open Open Open 
 Assimilati
on 





For JF04, the contour overlap rates for /N/ in /NC/ were 69.35% with /b/, 74.27% with /d/, 
89.95% with /m/, and 97.62% with /n/ (Table 17). There were no significant differences between 
the CL and CD in /N/ and those in these labials and alveolars, except for CL for /N/ in /Nm/ and 
CD for /N/ in /Nn/. This means that when /N/ assimilated to /b/ or /d/, the tongue achieved a CL 
and CD similar to those for the following consonants. In the case of /Nm/, the tongue contour for 
/N/ looked similar in shape to that for /m/, but the CL was more anterior for /N/ than for /m/ (Figure 
25.c). In the case of /Nn/, the tongue contour for /N/ looked similar in shape to that for /n/, but the 
CD was wider for /N/ than for /n/ (Figure 25.d).  
The residual dorsal gesture rates were 0% for /N/ before /b/, /d/, /m/, and /n/, which means 
that this speaker exclusively used categorical assimilation for /N/ before labials and alveolars 
(Table 17). 
In the case of /Nɡ/, the tongue contour for /N/ seemed to be higher than that for /ɡ/ (Figure 
25.e), but no significant differences were seen in CL and CD between /N/ and /ɡ/ or between /N/ 




The averaged tongue contour for /N/ in /Na/ overlaps 11.30% with that for the control /a/ 
and 100% with that for /N#/ (Table 17). The relatively small overlap rate with /a/ and large overlap 
rate with /N#/ indicate that /N/ did not assimilate to the following /a/, targeting a tongue posture 
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Figure 25. Averaged tongue contours in speaker JF04 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 17. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, Overlap Rates for /N/ with Control Phonemes and 
/N#/, and Assimilation Patterns in Speaker JF04 







CL - - * - - - 
CD - - - * - * 
Overlap 69.35% 74.27% 89.95% 97.62% 3.52% 11.30% 
 Residual 0% 0% 0% 0% 100% 77.97% 
vs. /N#/ CL * * * * - - 
CD * - * * - - 









For JF07, the contour overlap rates for /N/ in /NC/ were 76.83% with /b/, 71.88% with /d/, 
77.44% with /m/, and 99.32% with /n/ (Table 18). There were no significant differences in CL and 
CD for /N/ from those for /b/, /d/, /m/, and /n/. When /N/ assimilated to /b/, /d/, /m/, or /n/, the 
tongue achieved a CL and CD similar to those for the following consonants. 
 The residual dorsal gesture rates were 0% for /N/ before /b/, /d/, /m/, and /n/, which means 
that this speaker exclusively used categorical assimilation for /N/ before labials and alveolars 
(Table 18).   
As for LA, the lips were closed for /N/ before /b/ and /N/ before /m/, suggesting that place 
assimilation occurred in /N/ before bilabials (Table 18). 
In the case of /N/ before /ɡ/, the tongue tip for /N/ seemed slightly higher than that for /ɡ/ 
(Figure 26.e), but no significant differences were seen in CL and CD between /N/ and /ɡ/. In 
contrast, the CL for /N/ in /Nɡ/ was significantly different from that for /N#/. Thus, this condition 
was classified as “categorical assimilation.” 
The averaged tongue contour for /N/ in /Na/ overlaps 3.07% with that for the control /a/ 




condition was classified as “no assimilation.” However, the averaged tongue contour for /N/ in 
/Na/ overlaps 75.46% with that for /N#/ (Table 18), and the tongue contour for /N/ in /Na/ seemed 
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Figure 26. Averaged tongue contours in speaker JF07 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 18. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, LA for /N/, Overlap Rates for /N/ with Control 
Phonemes and /N#/, and Assimilation Patterns in Speaker JF07 







CL - - - - - * 
CD - - - - - * 
Overlap 76.83% 71.88% 77.44% 99.32% 72.48% 3.07% 
 Residual 0% 0% 0% 0% 0% 93.90% 
vs. /N#/ CL - * - * * - 
CD * * * * - - 
Overlap 5.49% 15.00% 6.10% 20.27% 25.69% 75.46% 









For JM01, the contour overlap rates for /N/ in /NC/ were 49.55% with /b/, 35.02% with /d/, 
100% with /m/, and 92.08% with /n/ (Table 19). There were no significant differences in CL and 
CD for /N/ from those for labials and alveolars except CL for /N/ in /Nb/ and CD for /N/ in /Nn/. 
When /N/ assimilated to /d/ or /m/, the tongue achieved a CL and CD similar to those for the 
following consonants. 
 The residual dorsal gesture rates were 0% for /N/ before /b/, /d/, /m/, and /n/, which means 
that this speaker exclusively used categorical assimilation for /N/ before labials and alveolars 
(Table 19).     
In the case of /N/ before /n/, the assimilation of /N/ appeared to be complete based on the 
high overlap rates (Table 19), but the mean CL for /N/ was 6.14 mm behind that for /n/. The mean 
CD for /N/ was 2.40 mm wider than that for /n/ (Figure 27.d). Even though it seemed to completely 
assimilate to the following /n/, the tongue tip constriction during /N/ seemed not as narrow as that 





In the case of /N/ before /ɡ/, the contour overlap rate was 87.96% with /ɡ/, and no 
significant differences were seen in CL and CD between /N/ and /ɡ/. In contrast, the contour 
overlap rate for /N/ in /Nɡ/ was 56.02% with /N#/, and the CD for /N/ in /Nɡ/ was significantly 
different from that for /N#/ (Table 19). Thus, this condition was classified as “categorical 
assimilation.” 
The averaged tongue contour for /N/ in /Na/ overlaps 16.13% with that for the control /a/ 
(Table 19). This relatively small overlap rate indicates that /N/ did not assimilate to a following 
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Figure 27. Averaged tongue contours in speaker JM01 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 19. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, Overlap Rates for /N/ with Control Phonemes and 
/N#/, and Assimilation Patterns in Speaker JM01 







CL * - - - - - 
CD - - - * - * 
Overlap 49.55% 35.02% 100% 92.08% 87.96% 16.13% 
 Residual 0% 0% 0% 0% 0% 63.89% 
vs. 
/N#/ 
CL * * * * - - 
CD - * - - * - 









For JM02, who was a possible placeless /N/ speaker, the contour overlap rates for /N/ in 
/NC/ were 63.26% with /b/, 60.00% with /d/, 100% with /m/, 92.56% with /n/, and 64.06% with 
/ɡ/ (Table 20). There were significant differences in CD for /N/ from those for /Nb/ and /Nm/, and 
in CL for /N/ from that for /Nɡ/. When /N/ assimilated to /d/ or /n/, the tongue achieved a CL and 
CD similar to those for the following consonants. 
The residual dorsal gesture rates were 0% for /N/ before all the consonants, which means 
that this speaker exclusively used categorical assimilation for /N/ in /NC/ conditions (Table 20).  
As for LA, the lips were closed for /N/ before /b/ and /N/ before /m/, suggesting that place 
assimilation occurred in /N/ before bilabials (Table 20). 
The averaged tongue contour for /N/ in /Na/ overlaps 17.26% with that for the control /a/ 
and 42.13% with that for /N#/ (Table 20). These overlap rates—larger with /N#/ than with the 
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Figure 28. Averaged tongue contours in speaker JM02 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 20. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, LA for /N/, Overlap Rates for /N/ with Control 
Phonemes and /N#/, and Assimilation Patterns in Speaker JM02 







CL - - - - * * 
CD * - * - - - 
Overlap 63.26% 60.00% 100% 92.56% 64.06% 17.26% 
 Residual 0% 0% 0% 0% 0% 46.97% 
vs. /N#/ CL * * * * * * 
CD * * * * * - 
Overlap 53.95% 13.02% 41.86% 11.16% 22.92% 42.13% 









For JM03, who was an alveolar /N/ speaker,14 the contour overlap rates for /N/ before 
labials were larger with /N#/ than with /b/ or /m/, suggesting that no assimilation took place for 
/N/ before labials (Table 21 and Figure 29.a and c). However, according to the LA data, the lips 
were closed for /N/ before both /b/ and /m/, suggesting that place assimilation did occur in /N/ 
before labials (Table 21). Considering these results together with the residual alveolar gestures 
observed for both /Nb/ and /Nm/, these conditions were classified as “partial assimilation.”   
In the case of /N/ before /ɡ/, the overlap rates for /N/ was 45.26% with /ɡ/ and 0% with 
/N#/. The residual alveolar gesture rate was 100% and thus, this condition was classified as “partial 
assimilation.”  
In the case of /N/ before alveolars, the clusters were classified as “homorganic,” as no 
significant differences were found in CL and CD between /N/ and the controls and /N#/.  
                                                 
14 The rear part of the tongue for /N/ and /ɡ/, and the rear part of the palate was not imaged well 
for analysis, but as this speaker’s PoA for /N#/ was alveolar, the images were used for analysis 




No assimilation was seen in /N/ before /a/ (12.82% overlap with /a/ and 100% overlap with 
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Figure 29. Averaged tongue contours in speaker JM03 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 21. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, LA for /N/, Overlap Rates for /N/ with Control 
Phonemes and /N#/, and Assimilation Patterns in Speaker JM03 







CL * - - - * * 
CD * - * - - * 
Overlap 19.26% 41.45% 36.54% 84.52% 45.26% 12.82% 
 Residual 100% 94.00% 100% 33.93% 100% 100% 
vs. /N#/ CL - - - - - - 
CD - - - - * - 
Overlap 67.41% 55.92% 41.03% 26.79% 0% 100% 














For JM04, who was a possible placeless /N/ speaker, the contour overlap rates for /N/ in 
/NC/ were 100% with /b/, /m/, and /ɡ/, 79.56% with /d/, and 92.31% with /n/ (Table 22). There 
were no significant differences in CL and CD between /N/ and any of the control consonants.  
For /N/ in /Nb/ and /Nm/, there were also no significant differences in CL and CD from 
those for /N#/. Thus, these two conditions, /Nb/ and /Nm/, were classified as “homorganic.”  
For the other consonant conditions, /Nd/, /Nn/, and /Nɡ/, in which /N/ assimilated, the 
tongue achieved a CL and CD similar to those for the following consonants. 
The residual dorsal gesture rates for /N/ were 0% in all the consonant conditions. 
Additionally, if /N/ did not have a target, the residual /N/ gesture cannot be calculated and 
assimilation cannot be partial. Thus, the assimilation patterns of these conditions, /Nd/, /Nn/, and 
/Nɡ/ were all classified as “categorical.”  
As for LA, the lips were closed for /N/ before /b/ and /N/ before /m/, suggesting that place 





The vowel condition /Na/ was classified as “homorganic,” as no significant differences 
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Figure 30. Averaged tongue contours in speaker JM04 for /N/ and /N#/ comparing with those for 
/b/, /d/, /m/, /n/, /ɡ/, and /a/ and the rest position respectively. Error bars show the 95% confidence 
interval. A gray line above the tongue contours show the averaged palate contour. Triangles show 





Table 22. Tukey Test Results in CL and CD for /N/ vs. Control Phonemes without a Preceding 
/N/ (/b/, /d/, /m/, /n/, /ɡ/, and /a/) and /N#/, LA for /N/, Overlap Rates for /N/ with Control 
Phonemes and /N#/, and Assimilation Patterns in Speaker JM04 







CL - - - - - - 
CD - - - - - - 
Overlap 100% 79.56% 100% 92.31% 100% 44.32% 
 Residual 0% 0% 0% 0% 0% 40.32% 
vs. /N#/ CL - - - - * - 
CD - * - * - - 
Overlap 85.19% 34.25% 94.71% 57.69% 42.11% 87.57% 








/N/ place assimilation within a word in Japanese was investigated using an ultrasound 
imaging technique to find the assimilatory strategies in six phonological environments (/aNba/, 
/aNda/, /aNɡa/, /aNma/, /aNna/, and /aNa/) by looking at the tongue shapes and locations for eight 
native speakers of Japanese speaking at a normal speech rate with a formal speech style. The results 
showed that /N/ place assimilation to the following consonant (C2) across different articulators 
(velar or uvular /N/ to labials and alveolars, and alveolar /N/ to labials and velars) was observed 
in 100% of the phonological conditions for all eight speakers. This suggests that /N/ assimilation 
to a following consonant within a word is not optional. This is the obligatory pattern pointed out 
in previous descriptions (Vance, 2008, p.96-97; Cutler & Otake, 1998). 
 
/N/ assimilation to consonants across different articulatory tiers. 
When uvular or velar /N/ produced by the five dorsal /N/ speakers assimilated to /b/, /d/, 




classified as partial.  
When alveolar /N/ produced by the one alveolar /N/ speaker assimilated to /b/, /m/, or /ɡ/, 
all the conditions were classified as partial. 
In total, 78% of /N/ assimilations across different articulatory tiers were classified as 
categorical and 22% were classified as partial.  
Looking at individual speaker variability, two of the eight speakers, one dorsal /N#/ speaker 
and one alveolar /N#/ speaker, used partial assimilation. 
Note that the percentages reported above were calculated based not on the individual tokens 
but on the averaged tongue contours for ten repetitions (excluding outliers in utterance duration). 
Thus, a particular context for a particular speaker (e.g., /aNba/ produced by JF02) was classified 
in binary terms as either partial or categorical. Therefore, the number of conditions, that is, the 
denominator used to calculate the percentage of categorical or partial assimilation, was only 23, 
since the conditions involving /NC/ on the same articulatory tier and /Na/ were excluded. As a 
result, one condition for one speaker had a large effect on the percentage. Thus, care is needed 
interpreting the 22% partial assimilation rate across the different articulatory tiers seen in the 
current study when comparing it with percentages in EPG, which are calculated based on tokens 
(e.g., less than 2% in Celata et al., 2013; 5% in Kochetov & Pouplier, 2008). However, in contrast 
to EPG, which utilizes a finite set of contact points returning binary values, ultrasound has more 
degree of freedom and also a risk of measurement errors in interpreting a single frame in a token 
without averaging. 
 On the other hand, compared with EPG, which requires tongue contact with the palate to 
record tongue activity, the ultrasound imaging technique used in the current study was able to 




studies used EMMA to support the EPG data (e.g., Ellis & Hardcastle, 2002; Kühnert & Hoole, 
2004), it is possible that the 22% found in the current study might reflect articulatory activities that 
cannot be captured by EPG studies.  
Even though the percentage of partial assimilation cannot be directly compared with past 
EPG studies, two of the eight speakers produced /N/ with partial assimilation, and this may be a 
language-specific assimilatory strategy for Japanese. It is surprising that, despite the fact that the 
lexical nasal place assimilation is obligatory in Japanese, partial assimilations could occur 
depending on the individual speakers.  
 To discuss reasons for this possibility of partial assimilation, PoA of /N/ should be taken 
into account. Interestingly, no categorical assimilations were observed in alveolar /N/ assimilation 
to a following consonant. As discussed in the Introduction, a velar gesture is considered to be more 
robust than an alveolar gesture (Barry, 1992), and cases have been reported in which a coronal 
gesture was more overlapped by a following velar stop in /d#g/ than a dorsal gesture was by a 
following coronal stop in /ɡ#d/ in American English (Byrd, 1996). Although only one Japanese 
speaker used an alveolar /N/, it is possible that an alveolar gesture is more persistent in 
coarticulation than a velar or uvular gesture, given the fact that residual alveolar gestures were 
observed in 100% of the target conditions, whereas residual velar or uvular gestures were observed 
in only 10% of the target conditions. Thus, based on the observations in the current study, it could 
be concluded that a velar gesture may be more susceptible to coarticulation and more easily 
reduced, and if it assimilates, the assimilation is very likely to be categorical. This would also 
explain why only categorical assimilations were seen in velar-to-non-velar conditions in Cuban 




Another difference between the coronal and dorsal gestures is that a coronal gesture is more 
consonantal than a dorsal gesture (Gick, Kang, & Whalen, 2002; Sproat & Fujimura, 1993), which 
explains why velars were strongly coproduced with an adjacent vowel (Wada, Yasumoto, Iteoka, 
Fujiki & Yoshinaga, 1970). It is possible, then, that in this study, the tongue dorsum gesture could 
have been merged into the following low back vowel /a/, while /N/ assimilated to an adjacent 
consonant. Although it will be difficult to separate two blending gestures, if the residual dorsal 
gesture for /N/ before a high front vowel is observed more often than 10%, it could mean that 
partial assimilation was underestimated in this study due to gestural blending with a low back 
vowel. 
More data with more conditions will be necessary to fully explore /N/ assimilations in /NC/ 
in Japanese, but it is predicted, in contrast to the languages in which assimilations occur 
categorically and phonologically, that /N/ assimilations in Japanese occur either partially or 
categorically. That is, the Japanese assimilations are not a result of phonological substitution but 
simply a result of coarticulation due to the very susceptible nature of the following consonant.  
Aside from assimilatory strategies, another implication of the results is that, even when 
residual dorsal gestures were not observed and the assimilation was classified as categorical, the 
contours for /N/ and the target consonants did not overlap completely in most of the conditions. 
The contour overlap rates showed that 50% of the assimilated conditions have less than 80% 
overlap, and the mean overlap rate between /N/ and the target consonants for these partial overlap 
conditions was 60%. This suggests that ambiguous, in-between tongue postures for /N/ were 
commonly used in assimilation.   
In cases of partial overlap of /N/ before labials, differences were found in the tongue from 




for JF07, and /aNba/ for JM01). In these cases, the tongue tip for /N/ is higher than for the control 
/b/ or /m/, and this could be related to the lip apertures. A lip closing gesture was seen for /N/ 
before labials in all five speakers with available LA data, which is compatible with assimilation of 
/n/ before labials in Spanish (Honorof, 1999) as depicted in Figure 21. There are only two speakers 
with available LA data for the tongue tip raising cases, but LA for /N/ in /aNba/ is about 2 mm 
tighter for JF03 and 7 mm tighter for JF07 on average than for /b/ in /aba/. The tighter LA for /N/ 
before labials than for a labial without a preceding /N/ could be a result of a longer constriction, 
and there is a possibility that the tongue tip raising before labials could be a result of the jaw raising 
for the lip closure. 
In cases of /N/ before alveolars, it is noteworthy that there were cases in which CL for /N/ 
was significantly different from that for the control /d/ or /n/ in assimilation (see the Figures for 
/aNda/ and /aNna/ for JF03, /aNda/ and /aNna/ for JF04, and /aNna/ for JM01). Similar results 
were found in /n/ to alveolar assimilation in Spanish (Honorof, 1999), in which three out of four 
speakers articulated /n/ in /nt/ significantly further back than /t/. Again, this could be attributed to 
the length of constriction, but more detailed analyses will be necessary to draw any conclusions. 
 
/N/ assimilation to consonants within the same articulatory tier. 
 For the /NC/ conditions in which N and C were on the same articulatory tier, five out of 
seven conditions were classified as “homorganic,” and two were classified as “categorical 





/N/ assimilation to the vowel /a/. 
No assimilation was seen for /N/ before /a/ in seven out of the eight speakers, and the other 
speaker’s productions were classified as homorganic. This suggests that for most of the speakers, 
intervocalic /N/ is not a nasalized vowel with the same place of articulation as the following vowel. 
That is, in this case, /aNa/ is not produced as [aãa]. This result is compatible with a prediction by 
Kokuritsu Kokugo Kenkyūjo ([NINJAL], 1990, p. 518), which showed an x-ray image of an 
utterance of /aNa/ by one speaker.  
Moreover, it was shown that CD for /N/ in /aNa/ was significantly smaller than for /a/ for 
half of the speakers. A complete closure could not be detected from ultrasound images, but it is 
possible that /N/ is more consonantal than the following /a/ at least for these four speakers. Vance 
(2008) described /N/ before vowels are [ɰ̃] (Table 14), and that seems a reasonable description 
with respect to the residual tongue dorsal gestures, which were observed for /N/ in /Na/ in all five 
speakers who used the velar to uvular region for /N#/. Direct comparison is necessary, however, 
to determine whether /N/ in /NV/ is produced as [ɰ̃], because it is possible to have a narrower and 
more consonantal constriction for /N/ before a vowel. 
 
 In summary, regressive place assimilation of /N/ to a following consonant within a word 
was observed for all the eight speakers when /N/ was followed by a consonant involved a different 
articulator from /N/. In the different articulator contexts, the two speakers showed partial 
assimilation, and thus, assimilation of Japanese moraic nasal does not always occur categorically.  






Chapter 4. L1 Effect of the Japanese Moraic Nasal on L2 English 
Introduction 
 First language (L1) effects on second language (L2) speech perception and production 
have been widely studied, especially when L1 patterns cause undesirable consequences for L2 
learners. Although it is clear that L1 affects L2 acquisition to some extent, how and why L1 
affects L2 learners is less clear, depending on various psychological and physiological factors. 
One of the well-known L1 effects is that the English liquids /l/ and /r/ are often 
misperceived and mispronounced by native speakers of Japanese, who use an apico-alveolar tap 
[ɾ] because it is the only liquid in Japanese (Flege, Takagi, & Mann, 1995; Larson-Hall, 2006; 
Sheldon & Strange, 1982). English, in turn, does not have an apico-alveolar tap [ɾ] as a phoneme 
but does have it as an allophone of /t/ and /d/ in intervocalic position. Consequently, native 
speakers of American English often mispronounce Spanish intervocalic /d/ as [ɾ], which is a 
distinct phoneme in Spanish (Herd, Jongman, & Sereno, 2013). These mispronunciations often 
result in miscommunication and are considered examples of L1 effects. 
Japanese also does not have a syllable-final /m-n-ŋ/ contrast, while it has a syllable-initial 
/m-n/ contrast. In syllable-final position, nasals are all neutralized to the moraic nasal /N/ in 
Japanese, and [m], [n], and [ŋ] appear as allophones of /N/, assimilating in place to the following 
segment. Thus, it is predicted that native speakers of Japanese may substitute a moraic nasal /N/ 
for the English syllable-final nasals /m/, /n/ and /ŋ/, as in sum, sun, and sung, and thus end up 
pronouncing all the three words as /sʌN/. Perception studies have provided some evidence of this 
syllable-final English nasal confusion by native speakers of Japanese (Aoyama, 2003; Ito, 2012), 
but no production studies have been conducted yet to examine an L1 moraic nasal effect on L2 




an ultrasound imaging technique to observe the L1 Japanese moraic nasal effect on L2 English 
nasals. 
 In discussing linguistic phenomena, as already discussed in Chapter 3, it is important to 
consider whether the observed phenomenon is a manifestation of a process at the phonetic level 
or at the phonological level in order to understand clearly how and why the phenomenon occurs. 
In this section, three of the most influential theoretical models for explaining L1 effects are 
briefly introduced: The Perceptual Assimilation Model (PAM; Best, 1995 and PAM-L2; Best & 
Tyler, 2007), the Speech Learning Model (SLM: Flege, 1995), and Native Language Magnet 
Model (NLM; Kuhl & Iverson, 1995 and the expanded NLM-e; Kuhl et al., 2008). Then, L1 
effects on L2 perception and production in some languages are discussed from both phonetic and 
phonological perspectives, focusing especially on whether the L1 effect occurs at the phonetic 
level or the phonological level. Finally, the L1 moraic nasal effect on L2 English syllable-final 
/m-n-ŋ/ perception and production is discussed, leading to the questions and hypotheses of the 
current chapter. 
 
The Perceptual Assimilation Model (PAM). 
According to PAM (Best, 1995 and PAM-L2; Best & Tyler, 2007), discriminability for 
non-native contrasts can be predicted from their perceptual assimilation to L1 phonemes in the 
psychological phonemic categories that L2 learners possess. For example, when English /r/ is 
perceived by native speakers of Japanese, it is perceptually assimilated to the most articulatorily-
similar L1 phoneme /ɾ/, and categorized as /ɾ/, even though it is a poor exemplar of the category. 
Depending on how well a non-native phone fits into an L1 phonemic category, the non-native 




non-assimilated if it is not perceived as speech sound. When a pair of non-native sounds that do 
not contrast in L1 are perceived, and each phone is either “categorized,” “uncategorized,” or 
“non-assimilated” to L1 phonemes, discriminability can be predicted as follows. If the two 
phones are categorized as two different L1 phonemes (Two Category: TC), they will be 
discriminated well. If the two phones are categorized as the same L1 phoneme and if the 
goodness of fit to the phoneme is equally good or poor (Single Category: SC), they will be 
discriminated poorly. If the two phones are categorized as the same L1 phoneme and if the 
goodness of fit to the phoneme differs (Category Goodness difference: CG), they will be 
discriminated moderately well. If one of the two phones is categorized as an L1 phoneme and the 
other is not categorized (Uncategorized-Categorized assimilation: UC), the discrimination will 
be good. If neither of the two phones is categorized as any L1 phoneme (Uncategorized-
Uncategorized assimilation: UU), the discrimination will be either good or poor depending on 
the proximity of the two phones in acoustic space. The English /l-r/ contrast for native speakers 
of Japanese can be classified as the SC type: both phones are categorized as Japanese /ɾ/ and they 
are both poor exemplars, and thus, the discrimination is predicted to be poor. 
 
The Speech Learning Model (SLM). 
 The Speech Learning Model (SLM: Flege, 1995) is similar to but different from PAM in 
its account of misperception and misproduction of L2 sounds. According to SLM, the 
misperception of L2 sounds is related not to psychological phonemic categories as claimed in 
PAM, but to the psychological phonetic categories that L2 learners possess. If a non-native 
phone differs phonetically from the closest L1 sound, a new phonetic category can be established 




perceptually linked to an L1 sound, it prevents the establishment of a new category, and as a 
result, the two sounds will resemble one another in production. In addition, the SLM 
hypothesizes that the perceptual relation between L1 and L2 sounds is at a position-sensitive 
allophonic level, rather than at a more abstract phonemic level. 
 
The Native Language Magnet Model (NLM). 
 The Native Language Magnet Model (NLM; Kuhl & Iverson, 1995 and the expanded 
NLM-e; Kuhl et al., 2008) also proposes that listeners possess psychological phonemic 
categories, but posits that a category prototype, which is a good exemplar of a category, alters or 
“warps” their perceptual space. In particular, sounds around a prototype are perceived as closer 
to the prototype than the actual acoustic differences would suggest. Therefore, if two sounds are 
acoustically close to a prototype within a category, they are more difficult to discriminate than 
two peripheral sounds (poor exemplars) as a result of the magnet effect of the prototype. The 
NLM incorporates the idea that establishing prototypes that exert this magnet effect is a hallmark 
of language acquisition and is a result of linguistic experience. 
Applying NLM to L2 perception, although NLM and NLM-e do not clearly state a 
possibility of altering underlying perceptual representations after the establishment of L1 
prototypes, it is predicted that if L2 sounds are close to a prototype in L1, the sounds are 
perceived as the L1 phoneme represented by the prototype. Thus, the discrimination of the 
sounds will be more difficult. This prediction is similar to the SC (single category) in PAM. 
However, unlike PAM, if the two sounds are both poor exemplars of a category, they will be 






L1 effects at the phonetic level. 
 As noted in the Introduction (Chapter 1) and the introduction section of this chapter, 
English /l-r/ confusion for native speakers of Japanese has been investigated by many 
researchers. One of the pioneering studies was designed to see whether native speakers of 
Japanese perceived /l/ and /r/ categorically, which is considered to be evidence that a listener 
possesses categories for the two phonemes (Miyawaki et al., 1975).  Synthesized speech patterns 
representing /l/ and /r/ were used as stimuli: a series of 15 three-formant (F1, F2, and F3) sounds, 
in which only F3 frequencies were different in each stimulus by 15 equidistant steps. The 
stimulus which had the highest F3 frequency sounded more like /l/, and the one which had the 
lowest F3 frequency sounded more like /r/ to native speakers of English. A discrimination task 
and an identification task revealed that native speakers of English perceived the series of stimuli 
categorically, but native speakers of Japanese did not. A follow-up experiment with non-speech 
pattern stimuli, which were composed of the same stepwise series of F3 sounds without F1 and 
F2, showed that participants did not perceive the stimuli categorically, regardless of their L1. 
Interestingly, the correct discrimination rates for the non-speech pattern stimuli were relatively 
high (66-89%, which was higher than chance) for both groups, and for native speakers of 
Japanese, the correct discrimination rates were higher for the non-speech pattern than for the 
speech pattern. This means that the native speakers of Japanese could perceive the subtle F3 
differences in low level auditory processing, but they were unable to process the F3 differences 
at the phonetic level. 
 This finding was supported by an electrophysiological experiment evaluating event-




(Buchwald, Guthrie, Schwafel, Erwin, & Vanlancker, 1994). In this study, the native speakers of 
Japanese did not show a potential (P3 component) seen in the native speakers of English when a 
word containing /l/ or /r/, which they were hearing repeatedly, changed to its minimal pair 
partner. In other words, native speakers of Japanese did not perceptually differentiate /l/ and /r/.  
 While it has been confirmed that native speakers of Japanese have difficulty 
discriminating English /l/ and /r/ at the phonetic level, a proficiency effect has also been reported 
consistently. For example, experienced Japanese learners perceived English /l/ and /r/ 
categorically (Mackain, Best, and Strange, 1981), the perception of /l-r/ by native speakers of 
Japanese improved with discrimination training (Strange and Dittmann, 1984), and experienced 
Japanese learners produced English /l-r/ as accurately as native speakers of English (Flege, 
1995).  
 In considering these findings, it seems that native speakers of Japanese have difficulty at 
the phonetic level in discriminating English /l/ and /r/, but they can eventually acquire and 
establish phonemic categories for /l/ and /r/, separate from Japanese /ɾ/ at the phonological level 
too. 
 
L1 effects at the phonological level. 
Another example of L1 effects on L2 is the Spanish intervocalic /d-ɾ-r/ contrast for native 
speakers of American English (Herd, Jongman, & Sereno, 2013). This contrast contains multiple 
factors creating difficulties for native speakers of American English. First, /r/ is an alveolar trill, 
which is a foreign sound for L1 American English speakers. Next, an alveolar flap /ɾ/ is a 
phoneme in Spanish, but it is an allophone of /t/ and /d/ in intervocalic position for some 




spirantization affects Spanish /d/ in intervocalic position and turns it into allophonic [ð], which is 
a phoneme in English. A typical mispronunciation is that native speakers of American English 
use [ɾ] for /d/ in intervocalic position, applying their L1 phonotactics, and this confuses Spanish 
listeners because /ɾ/ is a different phoneme in Spanish, and intervocalic /d/ should be pronounced 
as [ð]. Herd et al. (2013) found, however, that perception and production training were effective 
for learning these contrasts. In particular, American English speakers who received perception 
training improved more on the /d-ɾ/ contrast than on the other contrasts, and those who received 
production training improved more on the /ɾ-r/ contrast than on the other contrasts. Based on 
these results, it was concluded that perception training was effective for modifying phonemic 
categories, i.e., the learners separated [d] and [ɾ], which are in the same phonemic category in 
L1, into different categories. In contrast, production training was effective for learning a new 
phonemic contrast, i.e., the learners learned a new phoneme /r/, different both from Engish [ɾ] 
and from English [ɹ]. 
In the case of the Spanish intervocalic /d-ɾ-r/ contrast for native speakers of American 
English, L1 phonological knowledge seems to interfere with L2 perception and production for 
the /d-ɾ/ contrast, although this can be remediated by perception training. Articulatory level 
difficulty causes /r/ production errors, but this difficulty can be remediated by production 
training. 
 
No L1 phonology effect on L2 phonemes. 
Perception of the English /s-z/ contrast in the word-final position by native speakers of 
Swedish and Finnish has been examined because there is no /s-z/ contrast in Swedish or in 




were able to differentially identify the members of a continuum ranging from peace /pis/ to peas 
/piz/, although they used only vowel duration for identification, whereas native speakers of 
English used a combination of vowel and fricative duration. 
 In this case, there seems to be no phonological interference, as there is no L1 phoneme 
which non-native /z/ is categorized as, and thus, native speakers of Swedish and Finnish can 
simply make use of the available phonetic information. 
 Similarly, Chinese does not have a word-final /t-d/ contrast, but native speakers of Chinese 
(Mandarin, Taiwanese, and Shanghainese) successfully discriminated word-final English /t-d/ as 
well as native speakers of English (Flege, 1989). This case, however, is somewhat different from 
the Swedish and Finnish /s-z/ case. In Flege’s study, the native speakers of Chinese performed 
poorly with edited speech materials from which the final release bursts had been removed. This 
suggests that native speakers of Chinese are able to perceive phonetic information that is sufficient 
to suppress the L1 phonology effect, but when the phonetic information becomes insufficient, even 
though it is still sufficient for native speakers of English, the L1 phonology effect takes over. 
  
English syllable-final /m-n-ŋ/ contrast for native speakers of Japanese. 
As the /m-n-ŋ/ contrast does not exist in syllable-final position in Japanese, perceptual 
discrimination of English syllable-final /m-n-ŋ/ contrast has been investigated to see whether 
there is an L1 effect (Aoyama, 2003; Ito, 2012). Perception tests have revealed that native 
speakers of Japanese discriminate the syllable-final /m-n/ contrast as well as native speakers of 
English, but they discriminate the syllable-final /m-ŋ/ and /n-ŋ/ contrasts significantly more 
poorly than native speakers of English (Aoyama, 2003). Among these nasal contrasts, 




errors of syllable-final English nasals followed by a consonant in clear and fast speech modes 
(Ito, 2012) reported results compatible with Aoyama’s findings, except for the fact that the /m-ŋ/ 
contrast did not result in a significant level of discrimination errors by native speakers of 
Japanese. 
In mapping these findings according to PAM (Best, 1995), Aoyama (2003) and Ito 
(2012) described the /m-n/ and /m-ŋ/ contrasts as the UC type, in which /n/ and /ŋ/ were 
considered “Uncategorized” and /m/ was considered “Categorized.” They described the /n-ŋ/ 
contrast as the UU type, in which /n/ and /ŋ/ were not categorized into any Japanese phonemes. 
Therefore, the discrimination of /m-n/ and /m-ŋ/ was predicted to be good, whereas that of /n-ŋ/ 
was predicted to be poor, which is compatible with their perception test results. 
However, /n/ and /ŋ/ may be categorizable into Japanese phonemes because /n/ exists as a 
Japanese phoneme appearing in syllable-initial position, even though it is an allophonic variant 
in syllable-final position. It is not clear whether the absence of transitions to a following vowel 
confuses native Japanese listeners enough to cause them to judge syllable-final /n/ as 
uncategorizable. As for /ŋ/, it is not a phoneme in Japanese, but it is used as an allophone of /N/, 
and as an allophone of /ɡ/ by some speakers (e.g., /kaɡo/ [kaŋo] ‘basket’; Saito, 2006), and thus, 
it should be categorized as either /N/ or /ɡ/ rather than uncategorized. Thus, it is possible that /n-
ŋ/ discrimination is the SC type rather than the UU type, that is, it may be that both /n/ and /ŋ/ 
are categorized as the phoneme /N/. 
 In fact, a transcription task conducted in Aoyama’s study (2003) for each of ten English 
words containing a syllable-final nasal revealed that the native speakers of Japanese categorized 
syllable-final English nasals into Japanese phonemes: 85.0% of syllable-final /n/ and 28.8% of 




Japanese, and 5% of syllable-final /n/ and 70.0% of syllable-final /ŋ/ were transcribed as ング, 
which represents /Nɡɯ/ in Japanese. As there is no orthographic character for [ŋ] in Japanese, ン
グ seemed to be used to represent the perception of [ŋ], and because it was not transcribed as グ 
representing /ɡɯ/, the participants apparently perceived [ŋ] as an allophone of /N/, not /ɡ/. In 
other words, syllable-final English /n/ and /ŋ/ were either categorized as /N/ or as [ŋ] (an 
allophone of /N/) by native speakers of Japanese for more than 90% of the words used in the 
experiment. 
If discrimination of the /n-ŋ/ contrast is not the UU type but the SC type, in which the 
two phones are categorized as /N/, it may be that in perceiving the /n-ŋ/ contrast, the perceptual 
processing is similar to that for the /l-r/ contrast. However, the most apparent difference between 
the two contrasts is that /l/ and /r/ do not exist either as Japanese phonemes or as allophones, 
whereas /n/ does exist as a phoneme and /ŋ/ does exist as an allophone. It has been reported that 
L1 allophonic experience plays a significant role in discrimination of non-native phones (Flege, 
1995; Strange, 2011; Tees & Werker, 1984). 
  Considering the difference between /l-r/ and /n-ŋ/, the /l-r/ confusion by Japanese 
listeners seems to be caused at the phonetic level, i.e., Japanese listeners have difficulty in 
perceiving the acoustic differences between /l/ and /r/, whereas the /n-ŋ/ confusion may be 
caused at the phonological level, i.e., Japanese listeners have little difficulty in perceiving the 
acoustic differences between /n/ and /ŋ/, but applying L1 phonotactics, /n/ and /ŋ/ are categorized 
into /N/ in syllable-final position. As in the case of Spanish /d-ɾ/ contrast confusion by native 
speakers of American English (Herd, Jongman, & Sereno, 2013), L1 phonotactics, especially 




 The PAM-L2 model (Best & Tyler, 2007) suggests that “language-relevant speech 
properties are differentiated not only at the phonetic level but also at the higher-order 
phonological level, as well as at the lower-order gestural level” (p. 20). Therefore, it is necessary 
to discern at what level (auditory in perception, articulatory in production, phonetic, or 
phonological) the phonemic assimilation occurs in identifying the type of non-native phone 
assimilations in PAM, in order to understand the L1 effect on L2 perception. 
In the context of SLM (Flege, 1995), which claims that L1 and L2 are related at a 
position-sensitive allophonic level, phonetic categories for syllable-final [m], [n], and [ŋ] should 
exist separately as allophones of /N/ in Japanese. However, utterance-final [m#], [n#], and [ŋ#] 
are not in these categories. Thus, it is predicted that the categories for English utterance-final 
[m#], [n#], and [ŋ#] need to be established in order for Japanese speakers to discriminate them. 
SLM also points out a possibility of phonological interference. During the course of L1 
acquisition, speech perception becomes automatic (e.g., Linell, 1982; Strange, 2011) for the sake 
of economy of processing, and once it becomes automatic, phonetic detail that is not very 
important for phonology is usually ignored in speech perception. Therefore, L1 phonology may 
prevent the perception of L2 phonetic information that is important for L2 phonology but not for 
L1 phonology. Bearing this notion in mind, even though the /n-ŋ/ contrast can be correctly 
categorized as [n] and [ŋ], L1 phonology could override the phonetic awareness and both phones 
could be categorized as /N/, causing poor discrimination of the /n-ŋ/ contrast only in syllable-
final position, where [n] and [ŋ] only appear as allophones of /N/ in Japanese. 
From the viewpoint of NLM (Kuhl & Iverson, 1995 and the expanded NLM-e; Kuhl et 
al., 2008), which claims that phonological misperception and production are predicted by the 




should be psychophysically pulled to /N/ if /N/ is a prototype for utterance-final nasals and if 
[m#], [n#], and [ŋ#] are category members of /N/. If so, the discrimination of the utterance-final 
English nasals will be difficult for native speakers of Japanese. In this account too, L1 phonology 
interferes with L2 perception. 
 If L1 phonology overrides phonetic awareness in perceiving the /n-ŋ/ contrast, the 
question remains why /m-n/ in Aoyama’s study (2003) and /m-n/ and /m-ŋ/ in Ito’s study (2012) 
did not show as low discrimination rates as the /n-ŋ/ contrast, even though /m-n-ŋ/ are all 
allophones of /N/ in syllable-final position. A possible reason is that phonetic information is 
sufficient for /m/ in discriminating it from /n/ and /ŋ/, like the phonetic information in the 
English word-final /s-z/ contrast as perceived by native speakers of Swedish and Finnish (Flege 
& Hillenbrand, 1986) and in English word final /t-d/ contrast as perceived by native speakers of 
Chinese (Flege, 1989). Also, the fact that Japanese has the /m-n/ contrast in the syllable-initial 
position, whereas it has no /m-ŋ/ or /n-ŋ/ contrast in syllable-initial position, might play a role in 
discriminating the syllable-final nasals. Since /n-ŋ/ seems to be the least discriminable contrast, 
/n/ and /ŋ/ may be more phonetically similar to each other than to /m/ for native speakers of 
Japanese. 
In sum, the relationships between phonetic information and L1 phonology in the 
discrimination of English syllable-final nasal contrasts by native speakers of Japanese inferred 
from the perceptual discrimination test results (Aoyama, 2003; Ito, 2012) can be expressed 
concisely as follows (where “>” means “has a stronger effect than”):  
/m-n/: Phonetic information > L1 phonology 
/m-ŋ/: L1 phonology > phonetic information 




          phonetic information > L1 phonology 
/n-ŋ/: L1 phonology > phonetic information 
In discriminating /m/ from /n/, phonetic information is sufficient to allow native speakers 
of Japanese to suppress the L1 phonology effect. For the /m-ŋ/ contrast, phonetic information is 
sufficient for some speakers but not for others. Finally, for the /n-ŋ/ contrast, phonetic 
information is not sufficient to suppress the L1 phonology effect. 
 
Stages of acquisition of L2 phonology. 
In considering the phonetic and phonological levels of perception of the /m-n-ŋ/ contrast 
as described above, it can be hypothesized that there are certain stages for L2 learners in the 
course of acquisition of L2 phonology. The first stage will be that the effect of L1 phonology is 
very strong and overrides phonetic information, and thus, /m-n-ŋ/ will all be categorized as /N/. 
The second stage will be that the effect of L1 phonology gets weaker and salient phonetic 
information for some phonemes, such as /m/, can override L1 phonology, but L1 phonology still 
affects some other phonemes, such as /n/ and /ŋ/. The third stage will be that the effect of L1 
phonology gets very weak and phonetic information overrides L1 phonology so that there is no 
confusion for /m-n-ŋ/.  Finally, L2 phonology is established, and phonetic process for L1 and L2 
become automatic. In order to test this hypothesis of stages of L2 acquisition, the production of 
English syllable-final /m-n-ŋ/ by native speakers of Japanese was examined in this chapter, since 
articulation is a manifestation of the phonemic categories in a speaker’s mind. More specific to 
the current study, if a native speaker of Japanese substitutes /N/ for all the English syllable-final 
nasals in production, the speaker is at the first stage of acquisition, and the substitution occurs at 




/N/ only for syllable-final /n/ and /ŋ/, the speaker is at the second stage, and the effect of L1 
phonology is decreasing for the speaker. Finally, if a native speaker of Japanese does not 
substitute /N/ for English syllable-final nasals at all, the speaker is at the third stage or the last 
stage, where L2 phonology is established. Also, it is predicted that these stages will be correlated 
with English proficiency levels. 
 
Methods 
The participants and experimental settings were the same as in Chapter 2. As briefly 
described in Chapter 2, language background information about the participants was collected by 
means of a questionnaire. All eight participants were considered late L2 English learners, since 
they started learning English at 10 to 13 years of age (the mean starting age is 12.25, and the SD 
is 1.16). On the questionnaire, the participants were asked to judge their English proficiency level 
as beginner, intermediate, advanced, or native-like (Table 49 in Discussion). Also, they were asked 
to give their length of residence in the United States, and the mean was 30.75 months (SD 42.39) 
ranging from 0 months to 9 years (Table 49 in Discussion). Then, they were asked to judge their 
reading, writing, listening comprehension, speaking, vocabulary mastery, and grammar mastery 
skills on a scale of one to seven, where one represents beginner and seven represents native-like. 
For the purpose of this chapter, their self-evaluated proficiency levels and lengths of residence in 
the United States were used for analysis. 
 
Stimuli. 
English trials followed the Japanese trials described in Chapters 2 and 3 after a short break. 




/ʌnCə/, /ʌnnæ/, /ʌnə/, /ʌn/, /ʌm/, /ʌŋ/, /un/, or /um/, and six control words without a nasal, 
containing /ʌCə/ or containing the vowel /ɑ/ (Table 23). Among these words, for the purposes of 
this chapter, /bʌm/ bum, /bʌn/ bun, and /bʌŋ/ bung were used for analysis. Japanese /kaNaN/ was 
used to compare the target nasals with word-final /N/, and Japanese /abata/, /hadaka/, and /haɡata/ 
were used as control oral stop consonants corresponding in place to the English target nasals. 
Japanese stimuli were used as controls in order to avoid any other possible L2 effects in the 
participants’ English production, such as an effect of the following vowel in a /ʌCə/ context. The 
English words were shown in English, one at a time using Microsoft PowerPoint on a computer 
screen positioned approximately one meter away from the participants. The words were presented 
in two identical sets, with a short break between sets. Each set contained all the words in five 
different random orders. The participants were told that they were not going to be timed and that 
they should maintain their own pace, although the stimulus slides were actually forwarded by an 
experimenter with a remote control. When a participant stumbled over a stimulus, the experimenter 






Table 23. Stimuli including 17 words with and without a nasal 
  With /n/ Without /n/ 
n + bilabial /sʌnbərn/ sunburn /sʌbərb/ suburb 
n + bilabial (nasal) /ʌnmərsɪfəl/ unmerciful /sʌmər/ summer 
n + alveolar /ʌndər/ under /ʌdər/ udder 
n + alveolar (nasal) /ʌnnætʃərəl/ unnatural /ənæləsis/ analysis 
n + velar /hʌŋɡər/ hunger /rʌɡər/ rugger 
n + V /ʌnəwɛər/ unaware /blɑblɑ/ blah-blah 
V + n# 
/bʌn/ bun N/A 
/bʌm/ bum   N/A 
/bʌŋ/ bung   N/A 
/bun/ boon   N/A 
/bum/ boom N/A 
 
Articulatory Analysis. 
Tongue contour extraction and head correction procedures were the same as in Chapter 2. 
Constriction degree (CD) and location (CL) were calculated for the target phonemes from the x 
and y values of the extracted tongue contours as described in Chapter 2. The CD, the CL, and the 
horizontal (x) and vertical (y) locations of the highest point of the tongue contour for word-final 
English /m/, /n/, and /ŋ/ were compared with those for the same speaker’s /N#/ measured in 
Chapter 2 to see whether /N/ substitution took place. The English measurements were also 
compared with those for the corresponding Japanese oral stop consonant /b/, /d/, or /ɡ/ measured 
in Chapter 2 to identify the places of articulation. A one-way ANOVA and a Tukey HSD post-
hoc test were conducted to determine the differences among the seven phonemes (/m#/, /n#/, 





To determine the consistency of the tongue postures, the tongue contours for repetitions 
of /m#/, /n#/, and /ŋ#/ were plotted for each phoneme and overlaid with an averaged tongue 
contour for /N#/.  
Additionally, lip aperture (LA) was calculated as the Euclidean distance between the upper 
and lower lips for the five speakers for whom the lip IREDs stayed in place throughout the trials. 
 
Acoustic Analysis. 
As described in Methods in Chapter 2, the low first formant (N1) at the midpoint of the 
murmur of the target nasal and the second formant (F2) in the preceding vowel at 15 ms prior to 
the nasal onset were measured using Praat (Boersma & Weenink, 2016). However, the results did 
not show any relevant information about the target nasal beyond the articulatory analysis results. 
Thus, N1 and F2 measurements are not included in the results section. 
The release burst for /ŋ/ was perceptually and visually detected using Praat (Boersma & 
Weenink, 2016) to differentiate /ŋ/ from /N/. The results are reported only where they are relevant.  
 
Results 
Figures 31-54 show the tongue contours for the eight speakers for word-final English /m/, 
/n/ and /ŋ/ in the /bʌC/ context compared with those for the word-final Japanese /N/ in /kaNaN/ 
and the corresponding syllable-initial Japanese oral stop consonant, /b/, /d/, or /ɡ/ in the /aCa/ 
context. Error bars show the 95% confidence intervals. A gray line above the tongue contours 
shows the averaged palate contour. Triangles show the CL (the closest point to the palate) of the 
averaged contours. Tables 24-47 show the mean values of CL and CD, as well as the horizontal 




/n/ and /ŋ/ compared with those for word-final Japanese /N/ and the corresponding syllable-initial 
Japanese /b/, /d/, or /ɡ/. Significant differences (p < .05) in CL, CD, highest point (x) and highest 
point (y) between the word-final English nasals and /N#/, /b/, /d/, or /ɡ/ are marked with an asterisk 
next to the mean. These differences were determined by a Tukey HSD post-hoc test conducted 
after a one-way ANOVA for each speaker.  
The results the Figures and Tables for /m#/ show that for English word-final /m/, contours 
similar to /N/ and different from /b/ (/N/ substitution) were seen in one speaker (JF03), contours 
similar to /b/ and different from /N/ (correct target) were seen in six speakers (JF02, JF03, JF04, 
JF07, JM03, and JM04), contours different from both /N/ and /b/ (wrong target) were seen in two 
speakers (JM01 and JM02), and contours similar to /N/ and /b/ (homorganic target) were seen in 
one speaker (JM02)15.  
The Figures and Tables for /n#/ show that for English word-final /n/, contours similar to 
/N/ and different from /d/ (/N/ substitution) were seen in four speakers (JF03, JF04, JM03, and 
JM04), contours similar to /d/ and different from /N/ (correct target) were seen in five speakers 
(JF02, JF04, JF07, JM01, and JM02), and contours different from both /N/ and /d/ (wrong target) 
were seen in two speakers (JM01 and JM02).  
The results shown in the Figures and Tables for /ŋ#/ show that for English word-final /ŋ/, 
contours similar to /N/ and different from /ɡ/ (/N/ substitution) were seen in two speakers (JF04 
and JM03), contours similar to /ɡ/ and different from /N/ (correct target) were seen in three 
speakers (JM02, JM03 and JM04), contours different from both /N/ and /ɡ/ (wrong target) were 
seen in three speakers (JF02, JM01, and JM02), and contours similar to /N/ and /ɡ/ (homorganic 
                                                 
15 There were cases in which one speaker articulated a phoneme in multiple ways (e.g., she/he 
substituted a phoneme with /N/ for a token but achieved a correct target for another token for the 




target) were seen in four speakers (JF02, JF03, JF07, and JM01). 
 
JF02. 
For JF02, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 54) = 15.45, p < .001, in CD, F(6, 54) = 17.89, p < .001, in highest (x), F(6, 54) = 22.79, p 
< .001, and in highest (y), F(6, 54) = 58.46, p < .001.  




The averaged tongue contour for word-final English /m/ for JF02 looks similar in shape 
and location to that for syllable-initial Japanese /b/ and different from word-final Japanese /N/ 
(Figure 31.a). Post-hoc Tukey tests showed that the mean CD and the mean highest (y) for /m#/ 
were significantly different from those for /N#/ (Table 24). 
Figure 31.b. shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. Inconsistency in the tongue contours for /m#/ was seen especially in the 
tongue tip, but there were no trials using a posture similar to /N#/.  
These results suggest that this speaker did not substitute /N#/ for /m#/ in any of the eight 
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Figure 31. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JF02 (left). The tongue contours for eight 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF02 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 24. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JF02 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JF02 looks similar in shape and 
location to that for syllable-initial Japanese /d/ and different from word-final Japanese /N/ (Figure 




(y) for /n#/ were significantly different from those for /N#/ (Table 25). 
Figure 32.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. Inconsistency in the tongue contours for /n#/ was seen in the tongue 
dorsum and tip, but there were no trials using a posture similar to /N#/.  
These results suggest that this speaker did not substitute /N#/ for /n#/ in any of the eight 
measured trials.  
a      b  
Figure 32. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JF02 (left). The tongue contours for eight 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF02 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 25. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/n#/, /N#/, and /d/, and Tukey Test Results in Speaker JF02 
  /n#/  /N#/ /d/ 







































The averaged tongue contour for word-final English /ŋ/ for JF02 does not look similar in 
shape and location to that for syllable-initial Japanese /ɡ/ or word-final Japanese /N/ (Figure 33.a). 
Post-hoc Tukey tests showed that the mean CL and the mean highest (y) for /ŋ#/ were significantly 
different from those for /N#/ (Table 26). 
Figure 33.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/. Four of the eight measured trials had the highest (x) in the middle region, 
between 17 and 28, which can be considered to imply that a velar or uvular constriction was 
intended. Three trials had the highest (x) in the front region, larger than 60, which can be 
considered to imply that an alveolar constriction was intended. The other trial had a relatively flat 
tongue shape, from which the speaker’s intention of a target cannot be inferred.  
The PoA of /N#/ for this speaker was presumed to be the uvula (Chapter 2), and it cannot 
be determined whether this speaker substituted /N#/ for /ŋ#/ in the four trials considered to have a 
velar or uvular intended constriction because four trials are not enough to differentiate velar and 
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Figure 33. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JF02 (left). The tongue contours for eight 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF02 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 26. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JF02 
  /ŋ#/  /N#/ /ɡ/ 







































For JF03, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 56) = 560.23, p < .001, in CD, F(6, 56) = 68.91, p < .001, in highest (x), F(6, 56) = 362.88, p 
< .001, and in highest (y), F(6, 56) = 35.51, p < .001. 







The averaged tongue contour for word-final English /m/ for JF03 looks similar in shape 
and location to that for word-final Japanese /N/ and different from syllable-initial Japanese /b/ 
(Figure 34.a). Post-hoc Tukey tests showed that the mean CD and highest (y) for /m#/ were 
significantly different from those for /b/ (Table 27). 
Figure 34.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. Inconsistency in the tongue contours for /m#/ is seen especially in the 
tongue dorsum, and there were two trials using a posture similar to /b/.  
Lip analysis revealed that this speaker had LAs for /m#/ narrower than the mean LA for /b/ 
for three out of the seven measured trials. 
These results suggest that this speaker substituted /N#/ for /m#/ in four of the seven 
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Figure 34. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JF03 (left). The tongue contours for seven 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF03 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 27. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JF03 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JF03 is similar in shape and 
location to that for word-final Japanese /N/ and different from syllable-initial Japanese /d/ (Figure 
35.a). Post-hoc Tukey tests showed that the mean CL, the mean highest (x), and the mean highest 




Figure 35.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. Inconsistency in the tongue contours for /n#/ was seen especially in the 
tongue body, but there were no trials using a posture similar to /d/.  
These results suggest that this speaker substituted /N#/ for /n#/ in all of the eight measured 
trials.  
a      b  
Figure 35. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JF03 (left). The tongue contours for ten 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF03 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 28. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/n#/, /N#/, and /d/, and Tukey Test Results in Speaker JF03 
  /n#/  /N#/ /d/ 










































The averaged tongue contour for word-final English /ŋ/ for JF03 looks similar in shape and 
location to that for word-final Japanese /N/ and syllable-initial Japanese /ɡ/ (Figure 36.a). Post-
hoc Tukey tests showed that the mean CD and the mean highest (y) for /ŋ#/ were significantly 
different from those for /N#/ (Table 29). 
The PoA of /N#/ for this speaker was presumed to be the uvula (Chapter 2), and it can also 
be presumed that this speaker used a velar constriction for /ŋ#/, as the highest point was 
significantly higher for /ŋ#/ than for /N#/. 
However, Figure 36.b shows the tongue contours for the eight repetitions of /ŋ#/ overlaid 
with the averaged tongue contour for /N#/, and the highest (y) for /ŋ#/ ranged from 29.26, which 
is near the average of the highest (y) for /N#/, to 35.40, which is 4.36 mm higher than the average 
of the highest (y) for /ɡ/. Thus, it cannot be determined whether this speaker used a velar or uvular 
constriction for /ŋ#/. 
Acoustically, however, a release burst was observed for all of the eight measured trials for 
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Figure 36. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JF03 (left). The tongue contours for eight 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF03 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 29. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JF03 
  /ŋ#/  /N#/ /ɡ/ 







































For JF04, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 62) = 13.46, p < .001, in CD, F(6, 62) = 18.57, p < .001, in highest (x), F(6, 62) = 19.36, p 








The averaged tongue contour for word-final English /m/ for JF04 looks different in shape 
from that for word-final Japanese /N/ and similar to that for the syllable-initial Japanese /b/, 
although its location looks higher for /m#/ than for /b/ (Figure 37.a). Post-hoc Tukey tests showed 
that the mean CL, the mean CD, and the mean highest (y) for /m#/ were significantly different 
from those for /N#/ and that the mean CD and the mean highest (y) for /m#/ were significantly 
different from those for /b/ (Table 30). 
Figure 37.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /m#/ throughout the 
trials, and there were no trials using a posture similar to /N#/.  







a      b  
Figure 37. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JF04 (left). The tongue contours for ten 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF04 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 30. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JF04 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JF04 looks different in shape 
and location from that for word-final Japanese /N/ and also different from that for syllable-initial 
Japanese /d/ (Figure 38.a). Post-hoc Tukey tests showed that the mean CL and the mean highest 




(x), and the mean highest (y) for /n#/ were significantly different from those for /d/ (Table 31). 
Figure 38.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. Five of the ten measured trials had CLs larger than 60, which can be 
considered to imply that an alveolar constriction was intended, and five trials had CLs smaller than 
30, which can be considered to imply that a velar or uvular constriction was intended. 
The PoA of /N#/ in this speaker was presumed to be the velum (Chapter 2), and the results 
suggest a possibility of /N#/ substitution for /n#/ in half of the ten measured trials.  
 
a      b  
Figure 38. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JF04 (left). The tongue contours for ten 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF04 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 31. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/n#/, /N#/, and /d/, and Tukey Test Results in Speaker JF04 
  /n#/  /N#/ /d/ 







































The averaged tongue contour for word-final English /ŋ/ for JF04 looks similar in shape to 
that for word-final Japanese /N/, although its location looks more anterior for /ŋ#/ than for /N#/ 
(Figure 39.a). A post-hoc Tukey test showed that the mean highest (y) for /ŋ#/ was significantly 
different from that for /ɡ/ (Table 32). 
The PoA of /N#/ in this speaker was presumed to be the velum, more anterior than that for 
/ɡ/ (Chapter 2), and it can be also presumed that this speaker used the same velar constriction for 
/ŋ#/ as for /N#/ because the highest (y) for /ŋ#/ is significantly higher than that for /ɡ/ and not 
significantly different from that for /N#/. 
Figure 39.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/, and inconsistency in /ŋ#/ was seen especially in the tongue body, but none 
of the trials had the highest (y) lower than the mean highest (y) for /ɡ/. These results suggest a 
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Figure 39. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JF04 (left). The tongue contours for nine 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF04 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 32. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JF04 
  /ŋ#/  /N#/ /ɡ/ 







































For JF07, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 63) = 23.06, p < .001, in CD, F(6, 63) = 37.44, p < .001, in highest (x), F(6, 63) = 18.25, p 




The PoA of word-final Japanese /N/ for this speaker was presumed to be a wider part of 
the velum/uvula than for /ɡ/ (Chapter 2). 
 
JF07 /m#/. 
The averaged tongue contour for word-final English /m/ for JF07 looks similar in shape 
and location to that for syllable-initial Japanese /b/ and different from word-final Japanese /N/ 
(Figure 40.a). Post-hoc Tukey tests showed that the mean CD and the mean highest (y) for /m#/ 
were significantly different from those for /N#/ (Table 33). 
Figure 40.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /m#/ throughout the 
trials, and there were no trials using a posture similar to /N#/. 
Lip analysis revealed that this speaker had LAs for /m#/ narrower than the mean LA for /b/ 
in all the measured trials. 







a     b  
Figure 40. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JF07 (left). The tongue contours for ten 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF07 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 33. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JF07 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JF07 looks similar in shape and 
location to that for syllable-initial Japanese /d/ and different from word-final Japanese /N/ (Figure 
41.a). Post-hoc Tukey tests showed that the mean CL, the mean CD, the mean highest (x), and the 




Figure 41.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /n#/ throughout the 
trials, and there were no trials using a posture similar to /N#/. 
These results suggest that this speaker did not substitute /N#/ for /n#/ in any of the ten 
measured trials. 
 
a      b  
Figure 41. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JF07 (left). The tongue contours for ten 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF07 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 34. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/n#/, /N#/, and /d/, and Tukey Test Results in Speaker JF07 
  /n#/  /N#/ /d/ 







































The averaged tongue contour from the tongue tip to the tongue body for word-final English 
/ŋ/ for JF07 looks similar in shape and location to that for word-final Japanese /N/ as well as 
syllable-initial Japanese /ɡ/. The rear portion of the tongue cannot be compared due to a lack of 
traced contours including the rear portion of the tongue for /ɡ/ (Figure 42.a). Post-hoc Tukey tests 
showed no significant differences in the mean CL, the mean CD, the mean highest (x), and the 
mean highest (y) for /ŋ#/ compared to those for /N#/ or /ɡ/ (Table 35). 
Figure 42.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /ŋ#/ throughout the 
trials. 
The PoA of /N#/ for this speaker was presumed to be a wider part of the velum/uvula than 
for /ɡ/ (Chapter 2), and it can be presumed that this speaker used the same velar constriction for 
/ŋ#/ as for /ɡ/, given the similarity in shape depicted in Figure 42.a. However, because no 
significant differences were found in any of the measured indices, it cannot be determined whether 
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Figure 42. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JF07 (left). The tongue contours for ten 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JF07 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 35. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JF07 
  /ŋ#/  /N#/ /ɡ/ 







































For JM01, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 61) = 28.95, p < .001, in CD, F(6, 61) = 14.38, p < .001, in highest (x), F(6, 61) = 37.85, p 
< .001, and in highest (y), F(6, 61) = 56.38, p < .001.  







The averaged tongue contour for word-final English /m/ for JM01 looks similar in shape 
to that for word-final Japanese /N/ as well as syllable-initial Japanese /b/, although its location 
looks more anterior for /m/ than for /N#/ and /b/ (Figure 43.a). Post-hoc Tukey tests showed that 
the mean CL and the mean highest (x) for /m#/ were significantly different from those for /N#/ 
and that the mean CL, the mean CD, the mean highest (x) and the mean highest (y) for /m#/ were 
significantly different from those for /b/ (Table 36). 
Figure 43.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. The CLs for /m#/ in all nine measured trials were in the front region, 
larger than 60. Three trials had CDs smaller than the mean CD for /d/ (5.24 mm) for this speaker 
(Table 37). Thus, it can be inferred that this speaker used an alveolar constriction in producing 
/m#/ in these three trials. The other six trials have the highest (x) for /m#/ more anterior than the 
mean highest (x) for /N#/ (35.84) and for /b/ (35.78) (Table 36). Thus, this speaker used an 
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Figure 43. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JM01 (left). The tongue contours for nine 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM01 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 36. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JM01 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JM01 looks different in shape 
from that for word-final Japanese /N/ and also different from that for syllable-initial Japanese /d/ 
(Figure 44.a). Post-hoc Tukey tests showed that the mean CL, the mean CD, and the mean highest 




mean highest (y) for /n#/ were significantly different from those for /d/ (Table 37). 
Figure 44.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. Inconsistency in the tongue contours for /n#/ was seen throughout the 
trials. The CLs for /n#/ in seven of the ten measured trials were in the front region, larger than 60, 
and of these seven trials, five had CLs smaller than the mean CD for /d/ (5.24 mm) (Table 37). 
Thus, it can be inferred this speaker used an alveolar constriction in producing /n#/ in these seven 
trials, although the constriction was wider than /d/ in the two of the seven trials. The other three 
trials had CLs in the back region, smaller than 30, two of which were more anterior than the mean 
CL for /N#/ (17.51). The PoA of /N#/ for this speaker was presumed to be the uvula (Chapter 2),  
and a velar constriction, which is not considered /N/ substitution, was used for /n#/ in these two 
trials.  
 
a      b  
Figure 44. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JM01 (left). The tongue contours for ten 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM01 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 





Table 37. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/n#/, /N#/, and /d/, and Tukey Test Results in Speaker JM01 
  /n#/  /N#/ /d/ 







































The averaged tongue contour for word-final English /ŋ/ for JM01 looks similar in shape 
and location to that for word-final Japanese /N/ and syllable-initial Japanese /ɡ/ (Figure 45.a). Post-
hoc Tukey tests showed no significant differences in the mean CL, CD, highest (x), and highest 
(y) for /ŋ#/ compared to those for /N#/ or /ɡ/ (Table 38). 
Figure 45.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /ŋ#/ throughout the 
nine measured trials except for one trial, which seems to have an alveolar constriction. For the 
other eight trials, because no significant differences were seen in any of the measured indices, it 





a      b  
Figure 45. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JM01 (left). The tongue contours for nine 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM01 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 38. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JM01 
  /ŋ#/  /N#/ /ɡ/ 







































For JM02, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 54) = 40.06, p < .001, in CD, F(6, 54) = 16.37, p < .001, in highest (x), F(6, 54) = 3.78, p 
= .003, and in highest (y), F(6, 54) = 30.89, p < .001.  




is also possible that there is no target (Chapter 2). 
 
JM02 /m#/. 
The averaged tongue contour for word-final English /m/ for JM02 looks similar in shape 
to that for word-final Japanese /N/ as well as syllable-initial Japanese /b/, although its location 
looks more anterior for /m#/ than for /N#/ and /b/ (Figure 46.a). Post-hoc Tukey tests showed that 
the mean CD for /m#/ was significantly different from that for /N#/ and that the mean CL and the 
mean CD for /m#/ were significantly different from those for /b/ (Table 39). 
Figure 46.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. Inconsistency in the tongue contours for /m#/ was seen especially in the 
tongue tip. Two of the seven measured trials had CLs in the front region, larger than 60, with CDs 
larger than the mean CD for /d/ (0.46 mm) for this speaker (Table 40). Thus, this speaker used a 
relatively wide alveolar constriction for /m#/ in these two trials. The other five trials had CLs for 
/m#/ in the back region, ranging from 17 to 21, but the CDs for /m#/ in these trials ranged from 
5.21 mm to 8.68 mm, which were wider than the mean CDs for /N#/ (3.46 mm) or /b/ (3.87 mm) 
(Table 39). Thus, it cannot be determined whether this speaker substituted /N#/ for /m#/ or used a 
tongue posture similar to /b/ in these five trials. 
Lip analysis revealed that this speaker had LAs for /m#/ narrower than the mean LA for /b/ 
(38.62 mm) in four out of the seven measured trials. Thus, this speaker used a labial constriction 
for /m#/ for these four trials. The other three trials had wider LAs, but the differences were within 
1 mm. However, this speaker used relatively narrow LAs for /N#/ (40.12 mm on average), and 
there were no significant differences among the mean LAs for /b/, /m#/, and /N#/. Thus, it cannot 
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Figure 46. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JM02 (left). The tongue contours for seven 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM02 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 39. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JM02 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JM02 looks different in shape 
and location from that for word-final Japanese /N/ and also different from that for syllable-initial 




(x) for /n#/ were significantly different from those for /N#/ and that the mean CL and the mean 
CD for /n#/ were significantly different from those for /d/ (Table 40). 
Figure 47.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. Five of the seven measured trials had CLs in the front region, larger than 
60. Within these five trials, three had relatively small CDs under 2.06 mm, which can perhaps be 
considered a target constriction, and the other two trials had relatively large CDs, larger than 7.60 
mm, which probably cannot be considered a target constriction (Table 40). Thus, it can be 
concluded that this speaker used an alveolar constriction in producing /n#/ in three trials and that 
the intended target cannot be identified in two trials. The other two measured trials had CLs in the 
back region, smaller than 20, which can be considered to imply that a velar or uvular constriction 
was intended. The PoA of /N#/ in this speaker was presumed to be the uvula, but it is also possible 
that there is no target for /N#/ (Chapter 2). Thus, it cannot be determined whether this speaker 
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Figure 47. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JM02 (left). The tongue contours for seven 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM02 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 40. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/n#/, /N#/, and /d/, and Tukey Test Results in Speaker JM02 
  /n#/  /N#/ /d/ 







































The averaged tongue contour for word-final English /ŋ/ for JM02 looks different in shape 
and location from that for word-final Japanese /N/ and also different from that for syllable-initial 
Japanese /ɡ/, although the rear portion of the tongue cannot be compared due to a lack of traced 




that the mean CL and the mean highest (y) for /ŋ#/ were significantly different from those for /N#/ 
(Table 41).  
Figure 48.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/. Five of the seven measured trials look relatively consistent, with CLs 
were between 31 and 35 and CDs less than 4.30 mm. As for the other two trials, one had CL at 60 
and the other had CL at 20. Considering the fact that all the tongue contours for /ŋ#/ in the seven 
measured trials look different from /N#/ and also different from /ɡ/, this speaker seemed to intend 
an idiosyncratic target for /ŋ#/ which seems more anterior than /N#/ or /ɡ/. Although the target is 
assumed to be the palate, it was not very consistent throughout the trials. 
 
a      b  
Figure 48. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JM02 (left). The tongue contours for seven 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM02 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 41. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JM02 
  /ŋ#/  /N#/ /ɡ/ 







































For JM03, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 63) = 23.16, p < .001, in CD, F(6, 63) = 56.18, p < .001, in highest (x), F(6, 63) = 10.71, p 
< .001, and in highest (y), F(6, 63) = 68.35, p < .001.  




The averaged tongue contour for word-final English /m/ for JM03 looks different in shape 
from that for word-final Japanese /N/ and similar to that for syllable-initial Japanese /b/, although 
its location looks more anterior for /m#/ than for /b/ (Figure 49.a). Post-hoc Tukey tests showed 
that the mean CD and the mean highest (x) for /m#/ were significantly different from those for 
/N#/ and that the mean CD for /m#/ was significantly different from that for /b/ (Table 42). 
Figure 49.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /m#/ throughout the 




PoA of /N#/ in this speaker was presumed to be alveolar (Chapter 2), these results suggest that this 
speaker did not substitute /N#/ for /m#/ in any of the ten measured trials. 
Lip analysis revealed that this speaker had LAs for /m#/ narrower than the mean LA for /b/ 
in nine of the ten measured trials. The one other trial had a wider LA for /m#/ than for /b/, but it 
was narrower than the mean LA for /N#/. Thus, it can be concluded that this speaker used a labial 
constriction in nine trials, and it cannot be determined whether he used a labial constriction in one 
trial. 
 
a      b  
Figure 49. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JM03 (left). The tongue contours for ten 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM03 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 42. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/m#/, /N#/, and /b/, and Tukey Test Results in Speaker JM03 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JM03 looks similar in shape 
and location to that for word-final Japanese /N/ and syllable-initial Japanese /d/ (Figure 50.a). A 
post-hoc Tukey test showed that the mean CD for /n#/ was significantly different from that for /d/ 
(Table 43). 
Figure 50.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /n#/, and all of them 
seem to have an alveolar constriction. However, as the mean CD for /n#/ was significantly wider 
than that for /d/ and no significant difference was seen between the mean CD for /n#/ and that for 
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Figure 50. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JM03 (left). The tongue contours for ten 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM03 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 43. Mean CL, CD, Horizontal (X) and Vertical (Y) Locations of the Highest Point for /n#/, 
/N#/, and /d/, and Tukey Test Results in Speaker JM03 
  /n#/  /N#/ /d/ 







































The averaged tongue contour for word-final English /ŋ/ for JM03 looks different in shape 
and location from that for word-final Japanese /N/ and also different from that for syllable-initial 
Japanese /ɡ/, although the rear portion of the tongue cannot be compared due to a lack of traced 




that the mean CL, the mean CD, and the mean highest (y) for /ŋ#/ were significantly different from 
those for /N#/ and that the mean CL and the mean highest (x) for /ŋ#/ were significantly different 
from those for /ɡ/ (Table 44). 
Figure 51.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/. Seven of the ten measured trials had CLs in the middle region, between 
40 and 45, which can be considered to mean that a velar constriction was intended, and three trials 
had CLs in the front region, larger than 60, which can be considered to mean that an alveolar 
constriction was intended. The PoA of /N#/ in this speaker was presumed to be alveolar (Chapter 
2), and these results suggest that this speaker substituted /N#/ for /ŋ#/ in three trials of the ten 
measured trials. 
 
a      b  
Figure 51. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JM03 (left). The tongue contours for ten 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM03 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 44. Mean CL, CD, and Horizontal (X) and Vertical (Y) Locations of the Highest Point for 
/ŋ#/, /N#/, and /ɡ/, and Tukey Test Results in Speaker JM03 
  /ŋ#/  /N#/ /ɡ/ 







































For JM04, one-way ANOVAs showed significant differences among the phonemes in CL, 
F(6, 63) = 17.20, p < .001, in CD, F(6, 63) = 32.63, p < .001, in highest (x), F(6, 63) = 37.67, p 
< .001, and in highest (y), F(6, 63) = 82.46, p < .001.  
The PoA of word-final Japanese /N/ for this speaker could not be measured but is presumed 
to be somewhere from uvula to pharynx if there is a target (Chapter 2). 
 
JM04 /m#/. 
The averaged tongue contour for word-final English /m/ for JM04 looks similar in shape 
and location to that for word-final Japanese /N/ and syllable-initial Japanese /b/ (Figure 52.a). A 
post-hoc Tukey test showed that the mean CD for /m#/ was significantly different from that for 
/N#/ (Table 45). 
Figure 52.b shows the tongue contours for repetitions of /m#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively consistent for /m#/ throughout the 
trials. However, even though the shapes for /m#/ were similar to that for /N#/, a significant 




substitute /N#/ for /m#/. 
Lip analysis revealed that this speaker had LAs for /m#/ narrower than the mean LA for /b/ 
in five of the ten measured trials. The other five trials had wider LAs than /b/, but they were all 
narrower than the mean LA for /N#/. Thus, it can be concluded that this speaker used a labial 
constriction in five trials, and it cannot be determined whether he used a labial constriction in the 
other five trials. 
 
a      b  
Figure 52. Averaged tongue contours for /m/ in /bʌm/ comparing with those for the second /N/ in 
/kaNaN/ and /b/ in /abata/ produced by the speaker JM04 (left). The tongue contours for ten 
repetitions of /m/ in /bʌm/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM04 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 45. Mean CL, CD, Horizontal (X) and Vertical (Y) Locations of the Highest Point for /m#/, 
/N#/, and /b/, and Tukey Test Results in Speaker JM04 
  /m#/  /N#/ /b/ 







































The averaged tongue contour for word-final English /n/ for JM04 looks similar in shape 
and location to that for word-final Japanese /N/. (Figure 53.a). Post-hoc Tukey tests showed that 
the mean CL, the mean CD, the mean highest (x), and the mean highest (y) for /n#/ were 
significantly different from those for syllable-initial Japanese /d/ (Table 46). 
Figure 53.b shows the tongue contours for repetitions of /n#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours look relatively inconsistent in vertical location for 
/n#/. However, because no significant differences were seen between /n#/ and /N#/ in any of the 
measured indices, and in contrast, significant differences were seen between /n#/ and /d/ in all the 





a      b  
Figure 53. Averaged tongue contours for /n/ in /bʌn/ comparing with those for the second /N/ in 
/kaNaN/ and /d/ in /hadaka/ produced by the speaker JM04 (left). The tongue contours for ten 
repetitions of /n/ in /bʌn/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM04 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 
constriction location (the closest point to the palate) of the averaged contours. 
 
Table 46. Mean CL, CD, Horizontal (X) and Vertical (Y) Locations of the Highest Point for /n#/, 
/N#/, and /d/, and Tukey Test Results in Speaker JM04 
  /n#/  /N#/ /d/ 







































The averaged tongue contour for word-final English /ŋ/ for JM04 looks similar in shape 
and location to that for syllable-initial Japanese /ɡ/ (Figure 54.a). Post-hoc Tukey tests showed that 
the mean CL, the mean CD, the mean highest (x), and the mean highest (y) for /ŋ#/ were 




Figure 54.b shows the tongue contours for repetitions of /ŋ#/ overlaid with the averaged 
tongue contour for /N#/. The tongue contours for /ŋ#/ look relatively inconsistent in vertical 
location, but there were no contours that seemed lower than the averaged contour for /N#/ in the 
tongue body. Because no significant differences were seen between /ŋ#/ and /ɡ/ in any of the 
measured indices, and in contrast, significant differences were seen between /ŋ#/ and /N#/ in all 
the measured indices, it is possible that this speaker used a velar constriction for /ŋ#/ and did not 
substitute /N/ for /ŋ#/. 
 
a      b  
Figure 54. Averaged tongue contours for /ŋ/ in /bʌŋ/ comparing with those for the second /N/ in 
/kaNaN/ and /ɡ/ in /haɡata/ produced by the speaker JM04 (left). The tongue contours for ten 
repetitions of /ŋ/ in /bʌŋ/ comparing with the averaged tongue contour for the second /N/ in 
/kaNaN/ produced by the speaker JM04 (right). Error bars show the 95% confidence interval. A 
gray line above the tongue contours show the averaged palate contour. Triangles show the 






Table 47. Mean CL, CD, Horizontal (X) and Vertical (Y) Locations of the Highest Point for /ŋ#/, 
/N#/, and /ɡ/, and Tukey Test Results in Speaker JM04 
  /ŋ#/  /N#/ /ɡ/ 







































Midsagittal tongue contours for English syllable-final /m/, /n/, and /ŋ/ produced by eight 
native speakers of Japanese who were classified as late L2 English learners were measured by an 
ultrasound imaging technique to investigate L1 effects on L2 production. It has been shown that 
disparities between L1 and L2 phonologies causes L2 learners’ errors in speech perception and 
production because L1 phonology, acquired early in life, has a substantial effect on L2, especially 
for late L2 learners. The syllable-final /m-n-ŋ/ contrast of English does not exist in Japanese, and 
the three nasals in syllable-final position are all allophones of the moraic nasal /N/, assimilating in 
place to the following phoneme. Thus, it was predicted that native speakers of Japanese would 
have difficulty perceiving and producing the syllable-final English nasal contrasts. Perception 
studies have revealed that native speakers of Japanese discriminate the syllable-final English /n-ŋ/ 
(Aoyama, 2003; Ito, 2012) and /m-ŋ/ (Aoyama, 2003) contrasts less accurately than native 
speakers of English, but their correct discrimination rates for the syllable-final /m-n/ contrast were 
not worse than those of native speakers of English (Aoyama, 2003; Ito, 2012). Presumably, /n/ and 
/ŋ/ were perceptually assimilated to /N/ under the influence of L1 phonology, and thus, these native 




native speakers of Japanese showed less confusion on the /m-n/ and /m-ŋ/ contrasts, even though 
the three nasals are all neutralized to /N/ in syllable-final position in to their L1 phonology.  
To answer this question, the articulation of these Japanese speakers was examined in order 
to obtain some evidence to help understand their phonemic categories for syllable-final English 
/m/, /n/, and /ŋ/. More specifically, the goal was to determine whether or not these speakers 
phonologically substitute /N/ for the English syllable-final nasals.  
In this section, based on the results of the articulatory analysis shown in the Results section, 
individual speakers’ tongue postures for syllable-final English /m/, /n/, and /ŋ/ are compared with 
those for the word-final Japanese moraic nasal, /N/, and the corresponding syllable-initial Japanese 
oral stop, /b/, /d/, or /ɡ/. First, these comparisons are summarized to see whether /N/ substitution 
took place. Then, the discussion moves to the four stages in acquiring L2 phonology, which were 
outlined in the Introduction, and to predictions of discriminability in perception. Finally, the 
proficiency effect is discussed in relation to the stages in acquiring L2 phonology. 
 
/N/ substitution for English syllable-final nasals. 
One speaker (JF03) used a tongue posture for English syllable-final /m/ and /n/ similar to 
/N/ and different from each control consonant, and this was considered to be /N/ substitution. For 
English syllable-final /ŋ/, this speaker used a tongue posture similar to both /N/ and the control 
consonant, so it is not possible to determine if it is /N/ substitution or not, due to the homorganic 
place of articulation. Acoustically, however, a release burst was observed for /ŋ/ and not for /N/. 
Thus, this speaker did not substitute /N/ for /ŋ/. Based on these observations, it is reasonable to 
speculate that for this speaker, /m/ and /n/ were categorized as /N/, whereas /ŋ/ was categorized as 




has some effect on L2 but phonetic information can override her L1 phonology for the phoneme 
/ŋ/. It can be predicted that discrimination of the /m-n/ contrast would be difficult for this speaker. 
Two speakers (JF04 and JM03) used a tongue posture for English syllable-final /n/ and /ŋ/ 
similar to /N/ and different from each control consonant, and this is considered to be /N/ 
substitution. For English syllable-final /m/, these speakers did not substitute /N/ for /m/, and the 
tongue contour was similar in shape to that for /b/, although the location was somewhat different 
from /b/. Thus, these speakers probably categorized English syllable-final /n/ and /ŋ/ as /N/ but 
categorized English syllable-final /m/ as a phoneme different from /N/. These two speakers are 
considered to be in the second stage of learning, where L1 phonology has some effect on L2 but 
phonetic information can override their L1 phonology for the phoneme /m/. It can be predicted 
that they would be poor at discriminating the /n-ŋ/ contrast. 
One speaker (JM04) used a tongue posture for syllable-final English /n/ similar to /N/ and 
different from the control consonant, and this is considered to be /N/ substitution. For English 
syllable-final /m/ and /ŋ/, this speaker did not substitute /N/ for /m/ and /ŋ/, and the tongue contours 
were similar to each control consonant, which is considered a correct target. From these 
observations, it is reasonable to speculate that for this speaker, English syllable-final /n/ was 
categorized as /N/, but the other two nasals were realized as they are in English. This speaker is 
considered to be in the second stage of learning but more advanced than JF03, JF04 and JM03, 
because his L1 phonology effect seems to be weak enough for him to be able to categorize /m/ and 
/ŋ/ as they are in English. It can be predicted that this speaker has fair discriminability on the /m-
n-ŋ/ contrast because even though /n/ is categorized as /N/, the other two phonemes are categorized 




The other four speakers used a tongue posture that differed from /N/ for all the English 
syllable-final nasals except for using an /N/ target homorganic with each control consonant for 
some phonemes. Thus, it is considered that no /N/ substitution took place for these speakers. 
However, three of these speakers, at least for some trials, used a tongue posture different from both 
/N/ and the corresponding control consonant, which is considered to be a wrong target. For 
example, JF02 used an alveolar constriction for /ŋ/, JM01 used an alveolar constriction for /m/, 
and JM02 used a palate constriction for /ŋ/. In addition, inconsistency in the tongue postures 
throughout the trials were seen in these three speakers. From the fact that no /N/ substitution was 
observed, these three speakers are considered to be in the third stage of learning, where the 
phonetic information is stronger than L1 phonology for all the nasals, but the L2 phonemic 
categories may not be very well established, given the fact that wrong targets and inconsistency 
were seen for some phonemes and trials. It can be predicted that these speakers would discriminate 
the /m-n-ŋ/ contrasts well, although their accuracy rate may be somewhat lower than native 
speakers of English. 
One speaker (JF07) consistently used tongue postures similar to the corresponding control 
consonants, which are assumed to be the correct targets. She is considered to be in the fourth stage 
of learning, where L2 phonology is well established. It can be predicted that this speaker would 
discriminate the /m-n-ŋ/ contrasts as well as native speakers of English do. 
 Table 48 summarizes the stages of acquisition of L2 phonology, phonemic categorizations 






Table 48. Stages of Acquisition of L2 Phonology, Articulatory Categorizations for English 
Syllable-final Nasals, and Predicted Discriminability of the Contrasts 
Stages of acquisition 
of L2 phonology 
Articulatory 
categorizations for /m-n/, 
/m-ŋ/, and /n-ŋ/ 
Predicted Discriminability Participants 
1st stage /N-N/, /N-N/, /N-N/ poor discrimination for all 
the contrasts 
None 
Early 2nd stage 
 
/N-N/, /N-ŋ/, /N-ŋ/ poor discrimination for the 
/m-n/ contrasts 
JF03 
/m-N/, /m-N/, /N-N/ poor discrimination for the 
/n-ŋ/ contrasts 
JF04 and JM03 
Late 2nd stage /m-N/, /m-ŋ/, /N-ŋ/  all the contrasts will be 
discriminated  
JM04 
3rd to 4th stages /m-n/, /m-ŋ/, /n-ŋ/ all the contrasts will be 
discriminated well 
JF02, JM01, 
JM02, and JF07 
 
Based on these observations across participants, the order of acquisition seems to be /m/, 
/ŋ/, and then /n/, because /N/ substitution was seen for /m/ in only one speaker, for /ŋ/ in two 
speakers, and for /n/ in four speakers. This order fits well with the perception test results reported 
by Aoyama (2003) and Ito (2012). The error rate was lowest for the /m-ŋ/ contrast (7.5%), 
intermediate for the /m-n/ contrast (11.5%), and highest for the /n-ŋ/ contrast (27.5%) in Aoyama’s 
study, and the same order in error rates were seen in Ito’s study, although this seems to contradict 
to their conclusion that native speakers of Japanese had the least difficulty in /m-n/ discrimination. 
A caveat here is that in the Aoyama and Ito studies, native speakers of American English also 
made some errors in discriminating the syllable-final /m-n/ contrast, which made the Japanese 
errors nonsignificant. Thus, although it is possible that factors other than an L1 effect might play 
a role in discriminating the /m-n/ contrast, the perception test results clearly showed that the error 





A possible reason why /m/ is acquired first is related to articulatory saliency as well as 
perceptual saliency, which were discussed in the Introduction. /m/ is a labial consonant produced 
with the lips, which exerts visual influence as well, whereas /n/ and /ŋ/ are alveolar and velar 
consonants produced with the tongue. Thus, it is speculated that /m/ is articulatorily distinct from 
the other nasals for native speakers of Japanese.  
A possible reason why /n/ is acquired last is related to a Japanese orthographic convention 
in transcribing Japanese words into the Roman Alphabet. A syllable-final nasal /N/, regardless of 
its allophonic variation, is transcribed as “n” in the Kunrei romanization system, which is 
commonly used. For example, /hoN/ [hoN] ‘book’ is transliterated as “hon”; /hoNba/ [homba] 
‘place of origin’ as “honba”; /hoNɡa/ [hoŋɡa] ‘book.NOM’ as “honga.” This orthographic 
convention might lead native speakers of Japanese to regard /n/ as /N/ if it is in syllable-final 
position. However, of transcription variations more faithful to actual pronunciations in the 
traditional system called Hepburn romanization system are also seen, for example, /ɕiNbaɕi/ 
[ɕimbaɕi] ‘a name of a place in Tokyo’ as “Shimbashi” (Kubozono, 1999). Another possible 
influence of the roman alphabet is related to word processing on computers using romanization for 
input. The software that converts the Roman letters typed by a user into hiragana on the screen 
requires them to type either “n” or “nn” for /N/. Thus, people who are used to this romanization, 
might treat all instances of /N/ as English /n/.16  
 
                                                 




Proficiency and the stages of acquisition of L2 phonology. 
  Table 49 shows the participants’ self-evaluated English proficiency levels, lengths of 
residence in the United States, and the stages of acquisition of L2 phonology discussed above. 
 
Table 49. Self-evaluated English Proficiency Levels, Lengths of Residence in the United States, 
and the Stages of Acquisition of L2 Phonology 
Participants English Proficiency Residence in the U. S. Stages of Acquisition of 
L2 Phonology 
JF03 Beginner 0 month Early 2nd stage  
 JF04 Intermediate 0 month 
JM03 Intermediate 6 years and 9 months 
JM04 Advanced 0 month Late 2nd stage 
JF02 Advanced 1 year 3rd stage 
JM01 Intermediate to 
Advanced 
3 years and 6 months 
JM02 Intermediate 3 months 
JF07 Advanced 9 years 4th stage 
 
 With the relatively small number of participants in the current study, no significant 
correlations were seen among self-evaluated English proficiency levels, lengths of residence in the 
United States, and the stages of acquisition. However, it can be predicted that the stages of 
acquisition of L2 phonology tend to reflect the speakers’ English proficiency levels, since the 
English proficiency levels are roughly aligned from beginner to advanced along with the order of 
the stages.  
  Meanwhile, the length of residence in the U.S. showed a remarkable incompatibility for 
JM03, who had been in the U.S. for six years and nine months and is still considered to be in the 
early second stage of acquisition. In contrast, JM02 had been in the U.S. for only three months but 
was considered to already be in the third stage of acquisition. To understand what exactly caused 




about their language learning (for example, how long they have taken formal classroom lessons 
and how often they have used English in their daily lives), but it seems that L1 phonology is robust 
for some speakers while not for other speakers. Nevertheless, as demonstrated in the case of 
Spanish /d-ɾ/ contrast perceived and produced by native speakers of American English (Herd, 
Jongman, & Sereno, 2013), errors caused by an L1 phonology effect are remediable through 
perception training. Thus, it can be predicted that perception training will be effective for native 
speakers of Japanese for acquiring the English syllable-final nasal contrasts. It will also be 
necessary to investigate if there is an effect of the age of arrival or the age of acquisition. 
 As seen from Figures showing the repetitions of the target segment, variability was seen 
for L2 production in some conditions. It is speculated that the variability measured as SD in the 
current study could be a proxy for fluency for the L2 productions. The SDs for L2 phonemes and 
the corresponding L1 were examined, but no phonological conditions showed a clear tendency of 
smaller SD for advanced learners in the current study. For example, JF03, who substituted /N/ for 
English utterance-final nasals, showed the smallest SD for the highest point (x), and JF07, who 
was evaluated as the most proficient, showed the median SD for the highest point (x) among the 
eight speakers. It will be interesting to explore more on relationship between variability for L2 
production and proficiency in the future experiments.       
 
 In conclusion, mispronunciation of an L2 sound is not always attributed to a process at the 
phonological level. The process may be at the phonetic level, depending on the phonetic 
information available to the speakers and their stages of acquisition of L2 phonology. Thus, in 
relation to L1 effects on L2 perception or production, a proficiency effect has often been discussed, 




causes perception or production errors.   
 As for future directions, perception studies and acoustic analysis accompanied by 





Chapter 5. Summary and Conclusion 
Major Findings 
 The current dissertation has discussed three main topics related to the moraic nasal /N/ in 
Japanese: (1) the place of articulation (PoA) of /N/ (Chapter 2), (2) place assimilation of /N/ 
(Chapter 3), and (3) the L1 /N/ effect on L2 English nasals (Chapter 4). An ultrasound imaging 
technique was used to investigate articulations of /N/ and other nasals, especially the tongue 
configurations during utterances of Japanese and English words by eight native speakers of 
Japanese. 
 
PoA of /N/. 
 In Chapter 2, the results showed that the PoA for /N/ was uvular for three speakers, uvular 
to velar for one speaker, velar for one speaker, and alveolar for one speaker. For the other two 
speakers, it is possible that there was no oral target. The variety in PoA revealed in this study 
seems to be reflect the variety of descriptions in literature. Most researchers have considered /N/ 
to be a uvular nasal (Akamatsu, 1997; Hattori, 1939-40; International Phonetic Association., 1999; 
Kawakami, 1977; Labrune, 2012, p. 132; Maddieson, 2011; Naito, 1961, p. 118), and some as a 
velar nasal [ŋ] (Amanuma, Otsubo, & Mizutani, 1978; Cohn, 1993; Sakuma, 1929). It has also 
been considered “placeless,” often in the literature of phonology (De Lacy, 2006, p.37-39; Trigo, 
1988). However, this study investigated only tongue contours and not the upper articulator of the 
constriction (velum or uvula in most cases in this study), which cannot be observed simultaneously 
with the tongue by ultrasound. Consequently, no definitive conclusions cannot be drawn regarding 




It would be interesting, in the future, to observe more speakers’ articulations to investigate 
the distribution of PoA for /N/.  
 
/N/ assimilation. 
In Chapter 3, the results showed that regressive place assimilation of /N/ to a following 
consonant within a word was observed in all the phonological environments of /NC/, where /C/ 
involved a different articulator from /N/. This result affirmed previous claims that /N/ place 
assimilation in Japanese is obligatory (Vance, 2008, p.96-97; Cutler & Otake, 1998).  
/N/ assimilation to a following vowel, by contrast, was not observed in any of the speakers, 
leaving aside one speaker who used a homorganic place for /N/ and /a/. This means that /N/ in 
/aNa/ has an oral target different from /a/, which is compatible with a prediction by Kokuritsu 
Kokugo Kenkyūjo ([NINJAL], 1990, p. 518). 
 Categorical assimilation was observed in 78% of /N/ assimilations in /NC/ where /C/ 
involved a different articulator from /N/. The remaining 22% were classified as partial 
assimilations. It is not clear why partial assimilations were observed even when the assimilation is 
obligatory, but /N/ assimilation in Japanese, at least for some conditions and some speakers, takes 
place not at the phonological level but at the articulatory level, i.e., assimilation is a result of 
coarticulation. 
 
L1 /N/ effect on L2 English nasals. 
 In Chapter 4, the results revealed phonemic categorizations by native speakers of Japanese 
for English syllable-final nasals, which were predicted to be neutralized to Japanese /N/. 




substitution patterns were different across speakers, but this can be explained in relation to their 
stages of acquisition of L2 phonology. It is speculated that speakers in the early stages of 
acquisition cannot make use of phonetic information well enough to differentiate the syllable final 
English nasals, and thus categorize them as /N/ according to their L1 phonology. Speakers in the 
late stages, by contrast, can categorize the English nasals according to L2 phonology. Thus, in 
discussing L1 effects on L2 sounds in production or perception, it is necessary to evaluate the 
effects at both the phonetic and phonological levels. 
 
Limitations and Future Developments 
The current dissertation provides evidence of the articulatory gestures involved in the 
Japanese moraic nasal, but more research with larger numbers of participants needs to be carried 
out, as it is predicted that a wide range of individual variability will be observed. It is also 
necessary to investigate more phonological environments, especially to assess the possible 
effects of preceding and following vowels other than a mid-vowel. Lexical and post-lexical 
assimilation will also need to be considered to compare the assimilation patterns of other 
languages. Finally, because ultrasound could not capture the closure of the articulators or tongue 
tip and velum gestures clearly, other articulatory imaging technique such as EPG, EMMA, and 
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